Purdue University

Purdue e-Pubs
Open Access Dissertations

Theses and Dissertations

8-2018

Study of the Nano-structured Materials for Energy Conversion and
Storage Devices
Fan Yang
Purdue University

Follow this and additional works at: https://docs.lib.purdue.edu/open_access_dissertations

Recommended Citation
Yang, Fan, "Study of the Nano-structured Materials for Energy Conversion and Storage Devices" (2018).
Open Access Dissertations. 2107.
https://docs.lib.purdue.edu/open_access_dissertations/2107

This document has been made available through Purdue e-Pubs, a service of the Purdue University Libraries.
Please contact epubs@purdue.edu for additional information.

STUDY OF THE NANO-STRUCTURED MATERIALS FOR ENERGY
CONVERSION AND STORAGE DEVICES

A Dissertation
Submitted to the Faculty
of
Purdue University
by
Fan Yang

In Partial Fulﬁllment of the
Requirements for the Degree
of
Doctor of Philosophy

August 2018
Purdue University
West Lafayette, Indiana

ii

THE PURDUE UNIVERSITY GRADUATE SCHOOL
STATEMENT OF DISSERTATION APPROVAL

Dr. Jian Xie, Chair
Department of Mechanical and Energy Engineering
Dr. Steven F. Son, Chair
School of Mechanical Engineering
Dr. Lia A. Stanciu
School of Materials Engineering
Dr. Wenquan Lu
Argonne National Laboratory
Dr. Chengjun Sun
Argonne National Laboratory

Approved by:
Dr. Jay P. Gore
Head of the School Graduate Program

iii

This dissertation is dedicated to my wife and my parents, without whom my PhD
would never be completed.

iv

ACKNOWLEDGMENTS
I would like thanks my supervisor professor Jian Xie for his guidance, assistance
and support, without whom my dissertation would never be ﬁnished. He consistently contributes ideas which are helpful for our experiments. Besides work, I also
learned a lot from him in other aspects. I would also like to thank my co-advisor
professor Steven Son for his advice and help in my projects. In addition, I would
also like to acknowledge the help I received from professor Lia Stanciu, Dr. Aytekin
Uzunoglu, Dr. Jan Ilavsky, Dr. Chengjun Sun and Dr. Yang Ren for the cryo-TEM
and synchrotron X-ray characterizations. I am also grateful to my committee member
Dr. Wenquan Lu for his help and comments concerning my dissertation.
In addition to those professors and scientists, I would also extend my special
thanks to the current and previous members in our group. Dr. Yadong Liu and
Dr. Qi Liu provided assistance on the battery projects and synchrotron analysis. I
also appreciate the help of Dr. Le Xin and Mr. Chenzhao Li on the fuel cell projects.
Finally, I would like to give my special thanks to Ms. Monica Stahlhut, Ms. Cathy
Elwell and Ms. Julayne Moser for their help on my dissertation formatting and deposition.

v

TABLE OF CONTENTS
Page
LIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix
LIST OF FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

x

ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xvi
1 INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

1

1.1

Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

1

1.2

Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

3

1.3

Systems of Interest and Approach . . . . . . . . . . . . . . . . . . . . .

4

2 BACKGROUND . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

6

2.1

2.2

Introduction of Lithium-ion Batteries . . . . . . . . . . . . . . . . . . .

6

2.1.1

Cathode Materials for LIBs . . . . . . . . . . . . . . . . . . . .

8

2.1.2

Cathode Materials for LIBs . . . . . . . . . . . . . . . . . . . . 11

2.1.3

FeOF as Cathode Materials . . . . . . . . . . . . . . . . . . . . 14

Introduction of Fuel Cells . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.2.1

Proton Exchange Membrane Fuel Cells (PEMFCs) . . . . . . . 19

2.2.2

Structure of a Membrane Electrode Assembly (MEA) . . . . . . 21

2.2.3

Challenge of PEMFCs . . . . . . . . . . . . . . . . . . . . . . . 23

2.2.4

Introduction of Graphene . . . . . . . . . . . . . . . . . . . . . 23

3 MECHANISM STUDY OF (DE)LITHIATION PROCESS Of FeOF AS A
CONVERSION CATHODE MATERIAL . . . . . . . . . . . . . . . . . . . . 25
3.1

Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.2

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.3

Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
3.3.1

Materials and Instruments . . . . . . . . . . . . . . . . . . . . . 27

3.3.2

Synthesis of FeOF

. . . . . . . . . . . . . . . . . . . . . . . . . 28

vi
Page

3.4

3.3.3

Synthesis of Graphene Oxide (GO) . . . . . . . . . . . . . . . . 29

3.3.4

Synthesis of FeOF/Graphene Hybrid (FeOF/G) . . . . . . . . . 30

3.3.5

Assembly of Coin Cells . . . . . . . . . . . . . . . . . . . . . . . 30

3.3.6

Characterization . . . . . . . . . . . . . . . . . . . . . . . . . . 32

Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.4.1

Electrochemical Characterizations of FeOF and FeOF/G Hybrid Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.4.2

Physical Characterization of FeOF and FeOF/G Materials . . . 41

3.4.3

In-operando Synchrotron Characterization of FeOF and FeOF/G
Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

3.4.4

Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

4 STUDY OF THE ACTIVITY AND DURABILITY OF THE PGM CATALYST IN PEMFCS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
4.1

Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

4.2

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

4.3

Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

4.4

4.5

4.3.1

Materials and Instruments . . . . . . . . . . . . . . . . . . . . . 68

4.3.2

Synthesis of Graphene Nanosheet . . . . . . . . . . . . . . . . . 71

4.3.3

Synthesis of Functionalized Carbon Black (FCB) and Functionalized Graphene . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

4.3.4

Synthesis of Pt/G, Pt/FCB and Pt/FG . . . . . . . . . . . . . . 72

4.3.5

Rotation Disc Electrode Preparation and Test . . . . . . . . . . 73

4.3.6

MEA Fabrication and Test . . . . . . . . . . . . . . . . . . . . . 74

4.3.7

Characterization . . . . . . . . . . . . . . . . . . . . . . . . . . 77

Result and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
4.4.1

Results for Pt/graphene . . . . . . . . . . . . . . . . . . . . . . 78

4.4.2

Results of Pt/FCB . . . . . . . . . . . . . . . . . . . . . . . . . 88

4.4.3

Results of Pt/FG . . . . . . . . . . . . . . . . . . . . . . . . . 100

Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

vii
Page
5 DESIGN OF NOVEL CATALYST/IONOMER INTERFACE . . . . . . . . 111
5.1

Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

5.2

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

5.3

Experimental and Characterization . . . . . . . . . . . . . . . . . . . 115

5.4

5.5

5.3.1

Ultra-Small Angle X-ray Scattering (USAXS) Characterization 115

5.3.2

Cryogenic Transmission Electron Microscope (Cryo-TEM) Characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

5.3.3

Other Physical Characterizations . . . . . . . . . . . . . . . . 117

5.3.4

Conductivity Test of the Catalyst Layers . . . . . . . . . . . . 118

5.3.5

Membrane Electrode Assembly (MEA) Test . . . . . . . . . . 119

Result and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 120
5.4.1

A Novel Four-Electrode Method to Measure the Conductivity
in the MEA Catalyst Layers . . . . . . . . . . . . . . . . . . . 134

5.4.2

The Eﬀect of the Ionomer/catalyst Interface on the MEA Performance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143

Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150

6 STUDY OF CATALYST SUPPORTS FOR OER IN A PEM WATER ELECTROLYZER . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153
6.1

Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153

6.2

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153

6.3

Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155

6.4

6.3.1

Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155

6.3.2

Synthesis of SiO2 Nanoparticle . . . . . . . . . . . . . . . . . . 156

6.3.3

Synthesis of RuO2 -coated SiO2 (RuO2 -SiO2 ) and RuO2 -coated
NH2 -SiO2 (RuO2 -NH2 -SiO2 ) Catalyst Supports . . . . . . . . 157

6.3.4

Synthesis of Ir Loaded RuO2 -SiO2 and RuO2 -NH2 -SiO2 OER
Catalysts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157

6.3.5

Characterization . . . . . . . . . . . . . . . . . . . . . . . . . 157

6.3.6

Result and Discussion . . . . . . . . . . . . . . . . . . . . . . 158

Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163

viii
Page
7 FUTURE WORK . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165
7.1

Future Work on LIB Projects . . . . . . . . . . . . . . . . . . . . . . 165

7.2

Future Work on PEMFC Projects . . . . . . . . . . . . . . . . . . . . 165

REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 167
VITA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176

ix

LIST OF TABLES
Table

Page

2.1

Working condition and composition of diﬀerent types of fuel cells. . . . . . 18

3.1

Materials. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.2

Instruments. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

4.1

Materials. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

4.2

Instruments. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

4.3

MEA performance of Pt/XC72 and Pt/NH2 -XC72 under O2 , 10 psig testing condition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

4.4

MEA performance of Pt/XC72 and Pt/NH2 -XC72 catalysts under H2 /Air
condition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

5.1

Sample information of six ink systems. . . . . . . . . . . . . . . . . . . . 117

5.2

Aggregate size of diﬀerent ink systems from the second level ﬁtting of
USAXS curves. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

5.3

MEA performance of Pt/XC72 and Pt/NH2 -XC72 under O2 , 10 psig testing condition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150

6.1

Materials. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156

6.2

Surface area of diﬀerent catalysts and catalyst supports by BET. . . . . 160

6.3

Activities of the catalyst supports in the stability test. . . . . . . . . . . 162

6.4

Activities of the catalyst supports in the stability test. . . . . . . . . . . 163

x

LIST OF FIGURES
Figure

Page

2.1

Illustration of the working principle of a LIB [10]. . . . . . . . . . . . . . .

7

2.2

Comparison of intercalation materials and conversion materials [11]. . . . .

9

2.3

Structure of intercalation cathode materials [10]. . . . . . . . . . . . . . . . 10

2.4

Illustration of lithiation process of FeF3 [18]. . . . . . . . . . . . . . . . . . 12

2.5

Cycling performance of Fe2 O3 @PANI [21]. . . . . . . . . . . . . . . . . . . 13

2.6

XRD pattern and crystal structure of FeOF [24].

2.7

Illustration of the FeOF structure. (a) Pristine FeOF; (b) lithiated FeOF;
(c) delithiated FeOF [22]. . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.8

Components of a PEMFC. . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.9

Illustration of the MEA structure. . . . . . . . . . . . . . . . . . . . . . . . 21

. . . . . . . . . . . . . . 15

2.10 Illustration of the Naﬁon structure. . . . . . . . . . . . . . . . . . . . . . . 22
2.11 Structure of graphene sheet [41]. . . . . . . . . . . . . . . . . . . . . . . . . 24
3.1

Synthesis process of FeOF/G. . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.2

Voltage proﬁle of blank FeOF (BLK) and FeOF/G (GRP) for the initial
charge/discharge cycle. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3.3

Voltage proﬁle of blank FeOF (BLK) and FeOF/G (GRP) for the initial
charge/discharge cycle. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

3.4

Diﬀerential capacitance plot of FeOF. . . . . . . . . . . . . . . . . . . . . . 36

3.5

Speciﬁc capacity (a) and capacity retention (b) of blank FeOF and FeOF/G
during long term cycling at the rate of 0.1C/1C. . . . . . . . . . . . . . . . 38

3.6

CV scan of (a) blank FeOF and (b) FeOF/G under 5 mV/s scan rate
between 4.0 V and 1.0 V. Peak I/I, II/II and III/III pairs are corresponding
to Li+ intercalation and two Fe conversion process, respectively. . . . . . . 39

3.7

Nyquist plot of blank FeOF and FeOF/G. . . . . . . . . . . . . . . . . . . 40

3.8

Illustration of the synthesis of FeOF/G (a) and SEM images of (b,c) blank
FeOF; (d,e) FeOF/G. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

xi
Figure
3.9

Page

TEM images of (a) blank FeOF and (b) FeOF/G. . . . . . . . . . . . . . . 43

3.10 TEM images and corresponding SAED patterns of the initial state of (a,c)
FeOF/G and (b,d) blank FeOF. . . . . . . . . . . . . . . . . . . . . . . . . 45
3.11 TEM image and corresponding SAED pattern of (a,b) FeOF/G after 1st
discharge; (c,d) FeOF after 1st charge; (e,f) FeOF/G at 0% SOC state
after 10 cycles and (g,h) FeOF/G at 100% SOC state after 10 cycles. . . . 46
3.12 SAED intensity proﬁle of FeOF/G at diﬀerent SOC state of diﬀerent cycles. The standard of rocksalt phase and rutile phase are marked in the
ﬁgure using red dashed line and black dashed line, respectively. . . . . . . 47
3.13 EELS mapping of Fe at diﬀerent state of FeOF/G. (a) Pristine; (b) 0%
SOC after 10 cycles and (c) 100% SOC after 10 cycles. (Green represents
oxygen and red represents ﬂuorine) . . . . . . . . . . . . . . . . . . . . . . 48
3.14 XANES contour plot of the (a) blank FeOF and (b) FeOF/G during electrochemical cycling. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
3.15 The XANES and FT-EXAFS spectra of blank FeOF in the (a,b) ﬁrst stage
and (c,d) second stage of the initial discharge process. . . . . . . . . . . . . 51
3.16 XANES and corresponding FT-EXAFS spectra for blank FeOF in the
initial charge process. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
3.17 The comparison between (a) initial and ﬁrst discharged state and (b) initial
and ﬁrst charged state of blank FeOF. . . . . . . . . . . . . . . . . . . . . 53
3.18 The XANES and FT-EXAFS spectra of FeOF/G in the (a,b) ﬁrst stage
and (c,d) second stage of the initial discharge process. . . . . . . . . . . . . 54
3.19 The XANES and FT-EXAFS spectra of FeOF/G in the (a,b) ﬁrst stage
and (c,d) second stage of the initial charge process. . . . . . . . . . . . . . 56
3.20 Comparison of the XANES spectra between initial state and ﬁrst charged
state for (a) blank FeOF and (b) FeOF/G. . . . . . . . . . . . . . . . . . . 57
3.21 Average valence and the percentage of Fe3+ , Fe2+ and Fe in (a) blank
FeOF during initial discharge, (b) blank FeOF during initial charge, (c)
FeOF/G during initial discharge and (d) FeOF/G during initial charge
process. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
3.22 The XANES and the corresponding FT-EXAFS spectra of blank FeOF
after 10 cycles during (a,b) discharge and (c,d) charge process. . . . . . . . 59
3.23 Comparison of the XANES spectra of 100% SOC and 0% SOC state of
blank FeOF after 10 cycles. . . . . . . . . . . . . . . . . . . . . . . . . . . 61

xii
Figure

Page

3.24 XANES and corresponding FT-EXAFS spectra for FeOF/G after 10 cycles
during (a, b) ﬁrst stage of the discharge process, (c, d) second stage of the
discharge process, (e, f) ﬁrst stage of the charge process and (g, h) second
stage of the charge process. . . . . . . . . . . . . . . . . . . . . . . . . . . 62
3.25 Valence change after 10 cycles for (a) blank FeOF during discharge, (b)
blank FeOF during charge, (c) FeOF/G during discharge and (d) FeOF/G
during charge process. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
3.26 Illustration of the stability enhancement mechanism of adding graphene
nanosheets into FeOF. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
4.1

Setup of the RDE test. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

4.2

Illustration of the MEA spraying process. . . . . . . . . . . . . . . . . . . . 77

4.3

TGA curves of GO, Pt/XC72 and Pt/graphene catalyst. . . . . . . . . . . 79

4.4

XRD patterns of (a) graphene/GO and (b) Pt/XC72 and Pt/graphene
catalysts. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

4.5

TEM image and corresponding Pt particle size distribution of (a) Pt/XC72
catalyst, (b) Pt/graphene catalyst before AST. . . . . . . . . . . . . . . . 81

4.6

TEM image and corresponding Pt particle size distribution of (a) Pt/XC72
catalyst, (b) Pt/graphene catalyst after AST. . . . . . . . . . . . . . . . . 82

4.7

(a) CV curves of Pt/XC72 and Pt/graphene; (b) polarization curves of
Pt/XC72 and Pt/graphen. . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

4.8

AST of (a) Pt/XC72 and (b) Pt/graphene. . . . . . . . . . . . . . . . . . . 84

4.9

(a) ECSA retention and (b) double layer capacitance increment of Pt/XC72
and Pt/graphene catalysts during AST cycling. . . . . . . . . . . . . . . . 85

4.10 MEA performance of (a) Pt/XC72 and (b) Pt/graphene before and after
AST cycling. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
4.11 Tafel of (a) Pt/XC72 and (b) Pt/graphene catalysts for BOL and EOL
under MEA test. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
4.12 TGA curves of Pt/XC72 and Pt/NH2 -XC72. . . . . . . . . . . . . . . . . . 89
4.13 X-ray diﬀraction patterns of Pt/XC72 and Pt/NH2 -XC72. . . . . . . . . . 91
4.14 TEM images of 30 wt.% Pt/NH2 -XC72 and 30 wt.% Pt/XC72 catalysts. . 92
4.15 MIP pore size distribution of catalyst layers made of Pt/XC72 and Pt/NH2 XC72. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

xiii
Figure

Page

4.16 (a) CV and (b) ORR polarization curves of Pt/XC72 and Pt/NH2 -XC72
catalysts. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
4.17 VIR polarization curves of Pt/XC72 and Pt/NH2 -XC72 catalyst with
H2 /O2 as feeding gases under 200 sccm/400 sccm anode/cathode ﬂow rate
and (a) 10 psig and (b) ambient back pressure. . . . . . . . . . . . . . . . 95
4.18 CV scan of Pt/XC72 and Pt/NH2 -XC72 from MEA measurement. . . . . . 96
4.19 VIR polarization curves of Pt/XC72 and Pt/NH2 -XC72 catalyst with
H2 /Air as feeding gases under 200 sccm/400 sccm anode/cathode ﬂow
rate and (a) 10 psig and (b) ambient back pressure. . . . . . . . . . . . . . 97
4.20 Diﬀusion resistance of Pt/XC72 and Pt/NH2 -XC72. . . . . . . . . . . . . . 99
4.21 XPS survey of Pt/graphene, Pt/SO3 H-graphene and Pt/NH2 -graphene. . 101
4.22 XANES and the corresponding derivitive spectra of diﬀerent catalysts. . 102
4.23 CV scans and corresponding ORR polarization curves before and after
ASTs for (a,b) Pt/graphene, (c,d) Pt/SO3 H-graphene and (e,f) Pt/NH2 graphene catalysts. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
4.24 Mass activity of the thee catalysts before and after 20000 cycles of ASTs. 106
4.25 TEM images and corresponding Pt particle size distribution of (a,b) Pt/G,
(c,d) Pt/SO3 H-G and (e,f) Pt/NH2 -Ge catalysts before and after 20000
AST cycles. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
4.26 ILTEM result of Pt/graphene, Pt/SO3 H-graphene and Pt/NH2 -graphene
catalyst before and after 1000 AST cycles. . . . . . . . . . . . . . . . . . 108
5.1

Illustration and real picture of the conductivity measurement setup. . . . 119

5.2

Zeta potential of diﬀerent carbon blacks. . . . . . . . . . . . . . . . . . . 121

5.3

XPS wide survey spectra of CB, NCB and SCB. . . . . . . . . . . . . . . 122

5.4

Surface energy of CB, NCB and SCB.

5.5

(a) USAXS curve with the ﬁtting curve and the corresponding TEM images of (b) carbon black aggregates and (c) large carbon black agglomerates in CB ink system. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

5.6

(a) USAXS curve with the ﬁtting curve, (d)particle size distribution of
carbon black aggregates and the corresponding TEM images of (b) carbon
black aggregates and (c) large carbon black agglomerates in CB NF ink
system. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

. . . . . . . . . . . . . . . . . . . 123

xiv
Figure

Page

5.7

(a) USAXS curve with the ﬁtting curve and the corresponding TEM images of (b) NCB aggregates and (c) large NCB agglomerates in NCB ink
system. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

5.8

(a) USAXS curve with the ﬁtting curve, (d)particle size distribution of
NCB aggregates and the corresponding TEM images of (b) NCB aggregates and (c) large NCB agglomerates in NCB NF ink system. . . . . . . 128

5.9

(a) USAXS curve with the ﬁtting curve and the corresponding TEM images of (b) SCB aggregates and (c) large SCB agglomerates. . . . . . . . 129

5.10 (a) USAXS curve with the ﬁtting curve, (d)particle size distribution of
SCB aggregates and the corresponding TEM images of (b) SCB aggregates
and (c) large SCB agglomerates in SCB NF ink system. . . . . . . . . . . 131
5.11 Particle size distribution of (a) CB/CB NF, (b) NCB/NCB NF and (c)
SCB/SCB NF ink systems. . . . . . . . . . . . . . . . . . . . . . . . . . 134
5.12 Equivalent circuit of the conductivity measurement. . . . . . . . . . . . . 136
5.13 Nyquist plot of XC72 carbon black at diﬀerent RH. . . . . . . . . . . . . 137
5.14 Electronic/ionic conductivity of the catalyst layers made of (a) XC72 carbon black with 10 wt.% Naﬁon ionomer and (b) SO3 H-XC72 carbon black
with 10 wt.% Naﬁon ionomer. . . . . . . . . . . . . . . . . . . . . . . . . 138
5.15 Electronic/ionic conductivity of the catalyst layers made of (a) EC300
carbon black with 10 wt.% Naﬁon ionomer and (b) SO3 H-EC300 carbon
black with 10 wt.% Naﬁon ionomer. . . . . . . . . . . . . . . . . . . . . . 139
5.16 Electronic/ionic conductivity of the catalyst layers made of (a) EC300
carbon black with 10 wt.% Naﬁon ionomer and (b) SO3 H-EC300 carbon
black with 10 wt.% Naﬁon ionomer. . . . . . . . . . . . . . . . . . . . . . 140
5.17 (a,b) Ionic and electronic conductivity of catalyst layers made of diﬀerent
carbon blacks/SO3 H functionalized carbon blacks; (c) Contribution to the
ionic conductivity from the SO3 H functional groups for diﬀerent carbon
blacks. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142
5.18 VIR polarization curves of Pt/XC72 using H2 /O2 as feeding gas tested
under (a) 10 psig and (b) ambient back pressure. . . . . . . . . . . . . . 145
5.19 VIR polarization curves of Pt/XC72 using H2 /air as feeding gas tested
under (a) 10 psig and (b) ambient back pressure. . . . . . . . . . . . . . 145
5.20 VIR polarization curves of Pt/NH2 -XC72 using H2 /O2 as feeding gas
tested under (a) 10 psig and (b) ambient back pressure. . . . . . . . . . . 146

xv
Figure

Page

5.21 VIR polarization curves of Pt/NH2 -XC72 using H2 /O2 as feeding gas
tested under 10 psig back pressure. . . . . . . . . . . . . . . . . . . . . . 148
5.22 (a) Mass activity as a function of Naﬁon content for Pt/XC72 and Pt/NH2 XC72 in MEA test and current density/potential as functions of Naﬁon
content for (b,c) Pt/XC72 and (d,e) Pt/NH2 -XC72 in MEA test. . . . . 149
6.1

Schematic of a PEMWE process. [97] . . . . . . . . . . . . . . . . . . . . 154

6.2

XRD patterns of NH2 -SiO2 and RuO2 coated NH2 -SiO2 . . . . . . . . . . 159

6.3

TEM images of (a) RuO2 -SiO2 and (b) RuO2 -NH2 -SiO2 . . . . . . . . . . 161

6.4

(a) CV scans and (b) polarization curves of diﬀerent catalyst supports. . 162

6.5

(a) CV scans and (b) polarization curves of diﬀerent OER catalysts. . . . 163

xvi

ABSTRACT
Yang, Fan Ph.D., Purdue University, August 2018. Study of the Nano-structured
Materials for Energy Conversion and Storage Devices. Major Professors: Jian Xie
and Steven Son.
Two major parts consist of my work in this dissertation which are the study of
the materials for fuel cell catalysts and lithium-ion battery cathodes,
In the ﬁrst part, FeOF is studied as a new generation cathode material due to its
high speciﬁc capacity. To overcome its weaknesses which are low conductivity and
poor cycle life, graphene sheets are introduced into FeOF to form a FeOF/graphene
hybrid. It has been found that introducing graphene sheets can greatly improve
the reversibility of FeOF and improve the speciﬁc capacity and rate performance
by increasing its electronic conductivity. The cycle life and columbic eﬃciency of
FeOF/G is greatly improved compared to blank FeOF material. FeOF/G exhibited
621 mAh/g initial speciﬁc capacity and retained 80% of its initial capacity after
100 cycles at the rate of 0.1C. In-operando synchrotron XAS and high energy XRD
is applied to study the behavior of FeOF/G during cycling. It is proved that the
incorporation of graphene nanosheets can help to anchor the FeOF and its discharge
product to make it more reversible.
The second part mainly focuses on the improvement of the stability/durability of
the fuel cell catalyst and the design of a novel catalyst/ionomer interface. Graphene
sheets which has the highest graphic structure have been used to replace amorphous
carbon blacks as catalyst supports for proton exchange membrane fuel cells (PEMFCs). It has been proved by electrochemical tests that graphene nanosheet can improve the durability of the catalyst greatly. The surface functional has also been used
to improve the mass activity of the PEMFC catalysts by improving the distribution

xvii
of Pt over catalyst support surface and decreasing the size of Pt nanoparticles. Surface functionalization can also help to control the catalyst/ionomer interface. The
opposite surface charge can help to guide the distribution of the Naﬁon ionomer to
form a thin ﬁlm, thus the mass transport resistance can be greatly reduced.

1

1. INTRODUCTION
1.1

Motivation
Since lithium ion batteries (LIBs) were commercially introduced by SONY in 1992,

there has been an increasing demand for more reliable lithium ion batteries which
last long enough to be used in portable electronic devices (PEDs). In the meantime,
replacing fossil fuels with renewable energy in automobiles also requires LIBs with
both high capacity and long cycle life. Cathode materials for LIBs have been extensively studied in recent years. Most of the recent studies have been focused on the
intercalation type materials. There are three major types of intercalation cathode
materials- layered structure (lithium nickel cobalt manganese oxides,), spinel structure (lithium manganese oxide, LMO) and olive structure (LiFePO4 , LFP). Although
some of these cathode materials have been commercially applied in LIBs, they all
share a common weakness- low speciﬁc capacity (∼200 mAh/g). Without materials
with high speciﬁc capacity and energy density, it is impossible to make the PEDs and
electric vehicles (EVs) last long enough between each charge while keeping the batteries small enough to be used. The mono electron transfer during charge/discharge
process of intercalation limits their speciﬁc capacity. Conversion cathode materials,
on the other hand, are most multi-valence materials and can deliver more electrons
during charge/discharge process, increasing the speciﬁc capacity and energy density of the cathode materials. Unlike intercalation cathode materials, in which only
lithium intercalation/de-intercalation happens during discharge/charge process, the
structure of conversion cathode materials will totally collapse and convert to the
discharge product with the incorporation of lithium ions. The conversion cathode
materials are believed to be irreversible because of the instability of the materials
themselves during charge/discharge process. In the meantime, the low conductivity
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also limits the application of conversion cathode materials. Iron oxyﬂuoride (FeOF)
cathode material has been studied as a new generation cathode material due to the
high theoretical speciﬁc capacity (885 mAh/g) and energy density (5807 Wh/L). In
the meantime, iron is the only metal element in this material, which makes it environmentally friendly. However, being a conversion cathode material, FeOF still has
low conductivity and poor reversibility issues. It is crucial to solve these problems
before it can be commercially available. Meanwhile, the reaction mechanism of FeOF
during charge/discharge cycling is still not clearly understood, so the understanding
of the whole process will also help us to improve its cycle life.
Energy conversion devices, on the other hand, are also important devices of renewable energy. The invention of the internal combustion engine revolutionized modern
society. However, non-renewable fossil fuels are consumed at a considerably high rate.
For decades, people were focusing on how to increase the eﬃciency of the fuel consumption. However, there is still a limited eﬃciency to convert the chemical energy
in the fuels to mechanical energy through direct combustion. As early as the year of
1838, the concept and prototype of fuel cells came up [1]. Fuel cells provide us an
alternative way to extract the chemical energy concealed in fuels directly into electricity. Instead of direct burning of the fuels, the fuel cells generate electrical energy
through a series of chemical reactions and can easily reach the thermal eﬃciency as
high as 93% [2]. Proton exchange membrane fuel cells (PEMFCs) use hydrogen as fuel
which can be potentially generated from unlimited water. A fuel cell is comprised of
bipolar plates embedded with ﬂow ﬁelds, gas diﬀusion layers (GDLs) and membrane
electrode assembly (MEA). The catalysts are important components in an MEA to
ensure the reactions take place at as high as possible rate. There are two aspects we
need to consider when selecting catalysts for fuel cells: activity and stability. As is
known, Pt is very expensive, and the its preservation on earth is limited. To reduce
the amount of Pt that used in the fuel cells as catalysts, the speciﬁc activity of the Pt
has to be increased. In the meantime, the stability of the catalyst during long term
cycling is also crucial to make the fuel cells a commercial viable for electric vehicles
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(EVs). The catalyst supports, currently used, are mostly amorphous carbon blacks.
Although carbon blacks are highly conductive, the amorphous nature makes them
prone to corrosion during long term cycling. Thus, both activity and stability of the
catalyst have to be improved.
Another important component in a catalyst layer is ionomer. Ionomer is a critical
medium to transport proton within the catalyst layer. The oxygen reduction reaction
(ORR) occurs at the interface of ionomer and catalyst particles. The oxygen molecules
need to diﬀuse through ionomer ﬁlm over the catalyst particles to reach catalyst
surface. It is important that the ionomer ﬁlm needs to be thin enough to minimize
oxygen diﬀusion resistance, while keeping the proton conductivity high enough. Thus,
an appropriate approach is to make the ionomer ﬁlm covering the catalyst surface in
a uniform manner and as thin as possible.
It is economic to use the excessive electricity from the grid using proton exchange
membrane water electrolysis (PEMWE) devices to generate hydrogen for PEMFC
applications. However, the eﬃciency for PEMWE is low at room temperature. According to the thermodynamics calculations, the kinetics of a PEMWE increases with
temperature. However, at high temperature and high oxidation potential, the traditional catalyst of Pt nanoparticle supported over carbon black, Pt/C, is not applicable
due to the carbon corrosion at such a harsh environment. To develop catalyst supports that can be used for high temperature PEMWE applications, metal oxides,
which have high stability at elevated temperatures, are potential candidates, which
are studied in this work.

1.2

Objectives
This work mainly focuses on the development of conversion cathode materials for

lithium ion batteries as well as highly durable and active catalyst layers for PEMFCs.
PEMWE system is also studied in this work. Below are the main objectives included
in this work in detail:
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• Development and in-operando synchrotron X-ray characterization of FeOF and
FeOF/graphene hybrid conversion cathode materials for lithium ion batteries applications.
• Enhancement of the activity of platinum group metal catalyst through catalyst
support functionalization.
• Durable graphene-based catalyst support development.
• Study of the catalyst/ionomer interface and MEA performance enhancement.
• Study of metal oxides as catalyst supports in high temperature PEMWE system.

1.3

Systems of Interest and Approach
The ﬁrst objective will be achieved through the addition of graphene oxide solu-

tion into the precursor of FeOF during synthesis process. The product will then go
through a heat treatment process to obtain FeOF/graphene hybrid materials. The
electrochemical performance of FeOF and FeOF/graphene cathode materials will be
tested in coin cell systems.
The mass activity and the cycling performance of Pt loaded graphene will then be
studied using a rotation disc electrode (RDE) characterization. The functionalized
carbon blacks (FCBs) and functionalized graphene (FG) will also be tested under the
same protocol. In addition, Pt loaded FCB and FG catalysts will also be tested in
MEA system to see their performance under real PEMFC working condition.
Iridium loaded ruthenium silicon oxides will be used as catalysts for high temperature PEMWE. The oxygen evolution reaction (OER) performance is tested using
RDE method.
Various characterization tools will be applied to achieve the objectives above,
including:
• Thermal gravity analysis (TGA).
• Powder X-ray diﬀraction (XRD).
• Scanning electron microscope (SEM).

5
• Transmission electron microscope (TEM).
• Mercury intrusion porosimetry (MIP).
• X-ray photo electron spectroscopy (XPS).
• Nitrogen adsorption/desorption (BET).
• Cryogenic transmission electron microscope (cryo-TEM).
• Synchrotron ultra-small angle X-ray scattering (USAXS).
• In-situ synchrotron X-ray absorption spectroscopy (XAS).
• In-situ synchrotron high energy X-ray diﬀraction (HEXRD).
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2. BACKGROUND
2.1

Introduction of Lithium-ion Batteries
The increasing demand for the limited amount of fossil fuels drove us to focus

more on new electrical storage devices. Primary batteries were ﬁrst invented to be
used for variety of applications. However, the increasing demands for power sources
on portable electronic devices (PEDs) and other applications call for rechargeable
batteries (also call secondary batteries). Lead acid batteries [3], nickel hydride batteries [4] and nickel cadmium batteries [5] were widely used in PEDs and electric
vehicles (EVs). However, disadvantages of these secondary batteries, such as memory
eﬀect, low capacity and low eﬃciency, etc. motivate researchers to develop a new
generation of secondary batteries [6–8].
To meet the need of customers for a new generation of rechargeable batteries,
lithium-ion batteries (LIBs) were then introduced to the market by SONY in the
1990s [9]. LIBs are electrochemical energy storage devices that store electrical energy
into chemical energy during the charge process and then release the stored chemical
energy to the external circuit in the form of electrical energy. Compared with primary
batteries and previous secondary batteries, LIBs have the following advantages that
make them widely used in PEDs, EVs, and other applications:
• LIBs have much higher eﬃciency over other rechargeable batteries.
• LIBs have higher speciﬁc capacity and energy density.
• LIBs have longer cycle life.
• No memory eﬀects. A typical LIB is made up of four major parts: cathode,
anode, separator and electrolyte. During discharge process, Li+ will travel from the
anode side to the cathode side through the electrolyte and diﬀuse into the solid
electrodes. In the meantime, electrons will also travel from the anode side to the
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Fig. 2.1.: Illustration of the working principle of a LIB [10].

cathode side through external circuit so that the electrical energy can be delivered.
During the charge process, under the driving force which is the external electric ﬁeld,
Li+ will move back from cathode side to the anode side via diﬀusion within the solid
electrodes following through the electrolyte. All those processes are accompanied by
electrochemical redox reactions [11]. Figure 2.1 shows a typical discharge process for
a LIB with LiCoO2 (LCO) as cathode material and graphite as anode material. As
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illustrated, during discharge process, Li+ will move from anode (graphite) to cathode
(LCO) via Li+ conducting electrolyte following the reaction below:
Anode : Lix C6 (s) =xLi+ + 6C(s) + xe−
Cathode : Li1−x CoO2 (s)+xLi+ + xe− = LiCoO2 (s)
0 ≤x ≤ 1
With all the advantages listed above, LIBs will be undoubtedly widely used in
PEDs and EVs and potentially replace the internal combustion engine in automobiles
in the future.

2.1.1

Cathode Materials for LIBs

Cathode materials play an important role in Li-ion batteries. People have been
working on the development of advanced cathode materials with higher speciﬁc capacities and longer cycle lives [12]. There are two major types of cathode materials
based on the process of Li+ incorporation, which are intercalation cathode materials
and conversion cathode materials [11]. The comparison between these two types of
cathode materials is shown in ﬁgure 2.2.
Intercalation cathode materials usually have high potentials but much lower speciﬁc capacities when compared to conversion cathode materials. The reaction mechanism of intercalation cathode materials during the charge/discharge process has
been clearly investigated [13]. During the discharge process, Li+ in the anode side
will move to the cathode side through Li+ conducting electrolytes and then intercalate in the vacancies or interspaces in the lattice structure of the electrodes. In the
meantime, the cathode material will also gain electrons from the anode side through
an external circuit so that the positive charge from Li+ is neutralized. One of the
advantages of intercalation cathode materials is that Li+ only intercalate and deintercalate into or from the vacancies so that the structure of the host will not be
damaged. Due to the excellent structural stability of intercalation cathode materials
during charge/discharge process, they have excellent reversibility. However, for mono
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Fig. 2.2.: Comparison of intercalation materials and conversion materials [11].

valence host materials, they can only accommodate one Li+ ion per molecule. The
small number of electron transference during the charge/discharge process will result
in a low speciﬁc capacity.
There are three major types of intercalation cathode materials which are shown
in ﬁgure 2.3. Layered structure materials were the ﬁrst commercially available in the
Li+ ion battery industry. The layered structure provides channels for Li+ ions to
diﬀuse without destroying the structure. Lithium cobalt oxide is a typical commercialized layered cathode material. However, high cost and toxicity of Co element in
this material limits its application. Then the spinel structure LiMnO2 (LMO) was developed by replacing Co with inexpensive and non-toxic Mn element. However, there
are a series of issues with LMO, such as poor crystallinity and stoichiometry change
during cycling [14], making it diﬃcult to be widely used. By replacing a portion
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of cobalt in LCO with nickel and manganese, another commercial cathode material
lithium nickel cobalt manganese oxide has been developed with excellent reversibility
and reasonable cost [15]. LiFePO4 (LFP) is another commercialized cathode material
with the Olivine structure. LFP was developed by Goodenough and coworkers [16].
Compared with other intercalation cathodes, LFP can still keep 95% of its initial
capacity even after 500 cycles [17], which makes it a promising cathode material for
PEDs. Although stability issues have been resolved, low speciﬁc capacity is still a
main limitation for the application of intercalation cathode materials.

Fig. 2.3.: Structure of intercalation cathode materials [10].

On the contrary, the metal elements in most conversion cathode materials are
multi-valence, so that more electrons can be delivered, which increases the speciﬁc
capacity signiﬁcantly. On the other hand, the totally diﬀerent reaction mechanism
when compared to intercalation cathode materials makes its reversibility poor. This
work will focus on the conversion cathode materials due to its superior speciﬁc capacity. More details on conversion cathode materials will be discussed in the next
section.
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2.1.2

Cathode Materials for LIBs

As a new generation of cathode materials, more and more studies have been focused on conversion cathode materials. Conversion cathode materials usually include
metal ﬂuorides (MFx ), metal oxides (MOx ) and metal chlorides (MClx ). Transition
metals usually show multi-valence behaviors in conversion cathode materials. The
multi-valence nature of the conversion cathode materials draws peoples attention to
systematically study this new generation of high energy density cathode materials
and aim to apply it into PEDs and EVs.
Metal ﬂuorides are widely studied due to their high potential and relative high
speciﬁc capacity when compared to intercalation cathode materials. The lithiation
process of FeF2 has been studied by Wang et al. using in-situ TEM technique [18].
They discovered that the conversion process on the cathode side started from the
surface of the FeF2 because the higher Li+ mobility on the surface. Then, Li+ would
diﬀuse into the bulk and the whole structure will be gradually transformed to Fe
nanoparticles and amorphous LiF (shown in ﬁgure 2.4). Although they did not draw
a conclusion on the exact mechanism of the lithiation process of FeF2 , they did
provide a useful method for the study of conversion cathode materials. Li et al. [19]
investigated the whole charge/discharge process of FeF3 using XAS method combined
with DFT calculation. They found that the phase evolution in FeF3 is reversible. The
voltage hysteresis and low eﬃciency of this material is believed to be caused by the
inhomogeneity of the material itself and more rational designs can be used to eliminate
such hysteresis.
Meanwhile, metal oxides also receive more attention because of their high speciﬁc
capacity and environmental friendliness. Fe2 O3 has been widely studied as an example
of a metal oxide conversion cathode material. Kanzaki et al. [20] systematically
studied nano-Fe2 O3 as a cathode material. In their research, the Fe2 O3 was found
to be irreversible during cycling even under low current density. To overcome the
poor reversibility of Fe2 O3 , Jeong et al. [21] tried to use conducting polymer to coat
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Fig. 2.4.: Illustration of lithiation process of FeF3 [18].

the Fe2 O3 hollow sphere. It was found that the capacity of the Fe2 O3 @PANI hollow
sphere can still retain about 800 mAh/g speciﬁc capacity even after 100 cycles (ﬁgure
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2.5). Although the reversibility was improved, the low potential is still aﬀecting the
application of Fe2 O3 as cathode material.

Fig. 2.5.: Cycling performance of Fe2 O3 @PANI [21].

Despite the high speciﬁc capacity of conversion cathode materials, they are notorious for the poor reversibility and conductivity. The poor conductivity is due to
the large band gap and the poor reversibility is because of the structural instability
during cycling. In the meantime, although not as serious as Si anode, signiﬁcant
volume expansion of conversion materials is still observed. Such expansion will cause
cracking of the electrode and the electronic contact of the cathode materials will be
lost [11].
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2.1.3

FeOF as Cathode Materials

The high speciﬁc capacity and energy density of Fe2 O3 makes it one of the candidates for next generation cathode materials. However, the low potential vs. Li/Li+
impedes its application as a cathode material. To overcome this disadvantage, mixed
anion conversion cathode materials have recently been developed. Since metal ﬂuorides have higher potential than metal oxides as cathode materials, introducing F
atom into Fe2 O3 to form a mixed anion iron oxyﬂuoride (FeOF) will increase the
potential of Fe2 O3 and keep its high speciﬁc capacity in the meantime [22].
FeOF is a typical multi-valence cathode material. For a 3-electron process, Fe
will be reduced from Fe3+ to Fe0 and a total 885 mAh/g speciﬁc capacity will be
delivered, which is much higher than FeF2 (571 mAh/g) and FeF3 (712 mAh/g). The
FeOF has a rutile structure which is shown in ﬁgure 2.6. The O and F in the lattice
are not long-rang ordered which makes the structure of FeOF more complicated [23].
FeOF is usually synthesized via a solution reaction process of Fe and H2 SiF6
followed by a heat treatment in air [25]. Due to the limited diﬀusion distance of O
into the structure of the precursor, Kim et al. observed an element separation of F
and O [22], which makes the core-shell structure more thermodynamically favorable.
In their work, they also found that there was a bcc core wrapped with an O-rich
rocksalt structure for the lithiated state. After the cell was charged back, an O-rich
rocksalt wrapped F-rich rutile was formed (ﬁgure 2.7). They claimed that such a coreshell structure will be beneﬁcial to the cycling performance of FeOF during long-term
cycling; and the O-rich shell is stable to help protect the structure of FeOF, however
there is no solid evidence supporting this conclusion.
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Fig. 2.6.: XRD pattern and crystal structure of FeOF [24].

Wiaderek et al. [26] also studied the reaction mechanism of FeOF during the
lithiation and delithiation process. According to their results from in-situ PDF characterization, the lithiation/delithiation process takes place following the path below:
F eOx F2−x + nLi =Lin F eOx F2−x (n ≤ x)

(2.1)

Lin F eOx F2−x = Lin−y F eOx F2−x−y + yLiF

(2.2)

Lin F eOx F2−x = Lin−y F ez Ox +F e1−z F2−x−y + yLiF (x + y ≤ 1)

(2.3)
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Fig. 2.7.: Illustration of the FeOF structure. (a) Pristine FeOF; (b) lithiated FeOF;
(c) delithiated FeOF [22].

With further lithiation, those formed rocksalt phases can be reduced and form
Fe0. They also proposed that during the delithiation process, Fe could react with
LiF and form FeFy and Li. This conclusion agrees with Kims result, however, too
many unknowns are included which makes the whole reaction mechanism unclear.
In addition, the delithiation reaction path they came up with was not convincing
since the lithiation product cannot be charged back to FeOF, which makes the whole
process totally irreversible.
Sina et al. [27] explained the lithiation/delithiation process of FeOF using XAS
and TEM. The lithiation process of FeOF has been deﬁned as intercalation and conversion processes. When the number of lithium ions intercalated into the structure
FeOF is less than 0.7, the intercalation process would occur without any conversion
or structural damage. With further lithiation, the structure will collapse and gradually change to the rocksalt phase. Their work not only illustrates the reaction path
of FeOF during the lithiation/delithiation process, but also provides a systematic
approach to study FeOF using XAS and TEM.
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2.2

Introduction of Fuel Cells
Fuel cells are a type of energy conversion devices that convert the chemical energy

from fuels into electrical energy. The fuel cell, which was ﬁrst invented in 1839, has
a much longer history than lithium ion batteries [1]. However, fuel cells only began
to attract peoples attention in last decades due to the shortage of the fossil fuels and
more and more serious pollution issues. Current internal combustion engines (ICEs)
in commercial passenger vehicles have at most 50% energy conversion eﬃciency due
to the limitations of the Carnot Cycle from the thermodynamics. In addition, the
toxic products from the combustion of the fossil fuels, such as NOx , SOx and CO
are also harmful to the environment. It is necessary to ﬁnd an alternative power
source for automobiles which has both high eﬃciency and low pollution byproducts.
The fuel cell then is a perfect candidate, which can meet both demands. Not being
limited by the theoretical Carnot cycle eﬃciency, the theoretical eﬃciency of a fuel
cell can reach nearly 100% because it skips the conversion from heat to mechanical
energy. On the other hand, since the products of the reaction in a PEMFC is only
water, which cause no harm to the environment. In addition, the fuels for fuel cells
can also be generated by photo-catalysis [28], electrolysis [29] or biomass [30], so the
fuel sources of the fuel cell can come from the renewable energy sources.
There are six major types of fuel cells: proton exchange membrane fuel cells
(PEMFCs), direct methanol fuel cells (DMFCs), alkaline fuel cells (AFCs), molten
carbonate fuel cells (MCFCs), solid oxide fuel cells (SOFCs) and phosphoric acid fuel
cells (PAFCs). The working condition and the composition of these fuel cells are
listed in table 2.1 [31].
Although fuel cells have many advantages that can help to achieve the goals of
higher eﬃciency with fewer pollution byproducts, there are some challenges that
must be solved before practical application. The high cost of the catalyst and the
durability of the fuel cells are the major challenges; however, some progress has been
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50-100 C

◦

Automotive and stationary power

Operation temperature

Application

PEMFC

MCFC

1.5-2.6

CO3 2−

Molten carbonate

H2 /CO2 /CH4

Ni

60-700 C

◦

Stationary power

Table 2.1.: Working condition and composition of diﬀerent types of fuel cells.

0.1-1.5

O2−

YSZ

H2 /CO

Perovskite

700-1000 ◦ C

Vehicle aux power

SOFC
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made recently. Due to the higher power density, PEMFCs are the most well studied
system and have already been commercialized as the powertrains in EVs.

2.2.1

Proton Exchange Membrane Fuel Cells (PEMFCs)

The proton exchange membrane fuel cell (PEMFC) which is also known as polymer
electrolyte membrane fuel cells is an electrochemical device that coverts the energy
in H2 into electrical energy according to the reaction below:
2H2 + O2 = 2H2 O
Compared to the traditional combustion reaction in internal combustion engines,
there is no energy loss in the form of heat so that the eﬃciency of PEMFC is
much higher. The oxygen reduction reaction (ORR) and hydrogen oxidation reaction (HOR) take place at the cathode and anode of a PEMFC, respectively. The
corresponding electrode reactions are shown below.
Anode : 2H2 = 4H + + 4e−
Cathode : O2 + 4H + + 4e− = 2H2 O

On the anode side, hydrogen molecules will be oxidized to protons. The protons
generated on the anode side will transfer through the electrolyte membrane to the
cathode side, meeting with oxygen molecules and electrons on the surface of the
Pt nanoparticles which covered by ionomer ﬁlm, form water molecules. Due to the
sluggish reaction rate for the ORR and HOR process, Pt nanoparticles are usually
used as catalysts for those reactions to improve the reaction kinetics. In the meantime,
a polymer electrolyte membrane is also needed to separate the H2 gas and O2 /Air
and transfer protons from the anode to the cathode. Naﬁon, which has a high proton
conductivity and low electronic conductivity, was developed years ago and has been
widely used as the proton exchange membrane for PEMFCs.
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The major component of a simple PEMFC is shown in ﬁgure 2.8. The anode and
cathode ﬂow ﬁelds which are made of high-purity graphite are used to distribute H2
and O2 gases uniformly and provide a good conductivity to transfer the electrons to
the external circuit. The cathode/anode backings, which are also called gas diﬀusion
layers (GDLs) are used to further distribute the H2 /O2 gases and help to eliminate
the water generated from the reaction [32]. Most of GDLs are made of carbon cloth
or carbon ﬁber paper which help the fast ﬂow of the electrons in the fuel cell [33]. The
membrane electrode assembly is the core part of a PEMFC. The cathode and anode
reactions occur on anode and cathode side of an MEA, respectively, which directly
determines the whole performance of a PEMFC. It is important to optimize the MEA
to achieve a high fuel cell performance.

Fig. 2.8.: Components of a PEMFC.
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2.2.2

Structure of a Membrane Electrode Assembly (MEA)

The MEA consists two major parts which are the proton exchange membrane
and the catalyst layers. The illustration of MEA structure during MEA operation is
shown in ﬁgure 2.9. The hydrogen gas will ﬁrst reach the anode catalyst layer. The
protons resulting from the HOR process will then be transferred to the cathode side
through a proton exchange membrane in the form of H3 O+ . On the cathode side,
protons from the anode side will react with the oxygen and take the electrons from
the external circuit to form the ﬁnal product, which is H2 O.

Fig. 2.9.: Illustration of the MEA structure.

Naﬁon is the commercial name for a class of ﬂuorinated sulfonic acid copolymers
which is patented by DuPont. Naﬁon membrane is famous for its high proton conductivity, good chemical stability and excellent mechanical strength. The molecular
structure of Naﬁon is shown in ﬁgure 2.10. The high proton conductivity is most
contributed by the -SO3 H end group. The proton transfer t mechanism has been
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well studied and explained as a vehicle mechanism [34, 35]. Being incorporated with
the sulfonic groups on the end of the Naﬁon chain which serve as vehicles, hydrated
protons (H3 O+ ) can be transferred from one Naﬁon -SO3 H group to another -SO3 H
group along the polymer chain and ﬁnally to the other side of the membrane. Based
on this mechanism, the proton conductivity of the Naﬁon membrane can reach 0.2
S/cm, which is much higher than other polymer electrolyte membranes. However, due
to the proton transfer mechanism of the Naﬁon membrane, the whole MEA needs to
be fully hydrated to allow the transfer of protons, hence, it is necessary to humidify
the inlet gases.

Fig. 2.10.: Illustration of the Naﬁon structure.

Catalyst layers are the second major part in an MEA. Catalyst layers are made of
Pt nanoparticles supported on conductive carbon as a catalyst and Naﬁon ionomer
to provide a media for proton transfer inside catalyst layers. Bulk Pt was used
as a catalyst in PEMFCs [36] low surface area and the high cost limits its further
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application. Later, people have found that loading Pt nanoparticles which have high
surface area on conductive carbon can help to increase the utilization of Pt, thus
decreasing the cost of the catalyst greatly [37,38]. Like the Naﬁon membrane, Naﬁon
ionomer in the form of a network within the catalyst layer will transfer protons to
the surface of Pt for the ORR process.

2.2.3

Challenge of PEMFCs

Although PEMFC systems have been studied for a long time, there are still issues
that need to be addressed before it can be widely used in EVs.
• The activity of current commercial Pt/C catalysts needs to be further increased
to reduce the cost of the PEMFCs. To do so, a highly active catalyst for PEMFC has
to be developed.
• The durability of current PEMFC catalyst is not strong enough, since the most
commonly used catalyst supports are carbon blacks, which is highly amorphous. Such
an amorphous nature makes it prone to corrosion during long-term cycling. It is
necessary to develop an alternative highly conductive catalyst with high stability so
that the durability of the PEMFC can be enhanced.
• The diﬀusion of the oxygen into the catalyst layer needs to be improved. Traditionally, overdosed Naﬁon ionomer is added into the catalyst ink to guarantee a
higher proton conductivity in the catalyst layer, however the side eﬀect is that the
thicker ionomer ﬁlm formed over catalyst particles will impede the diﬀusion of the
oxygen molecules, resulting in the decreased performance. Therefore, it is important
to design a novel catalyst/ionomer interface to improve the Naﬁon ionomer coverage
over the catalyst nanoparticles while and to reducing its thickness at the same time.

2.2.4

Introduction of Graphene

Since the ﬁrst synthesis in the early 21st century, graphene has gained more and
more attention in science and engineering applications due to its extraordinary elec-
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tronic conductivity [39, 40]. Being a 2-D structured material, graphene is made of
a single atomic layer of carbon atoms arranged in a hexagonal lattice. Similar to
benzene rings, there is a bond for each carbon hexagon from sharing the pz electron
of each carbon atom. With the help of bonds on surface, electrons can ﬂow along the
plane of the graphene nanosheet freely. In addition, other three sp2 electrons of each
carbon atom in the six-carbon ring form three covalent bonds with three neighboring
carbon atoms in the graphene plane, which makes the structure of a graphene sheet
extremely stable.

Fig. 2.11.: Structure of graphene sheet [41].

Graphene has been applied in battery materials to increase their electronic conductivity [42, 43]. On the other hand, the high structural stability of the graphene
nanosheet also attracts attention for its application as a stable catalyst support for
fuel cells [44–47].
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3. MECHANISM STUDY OF (DE)LITHIATION PROCESS
OF FEOF AS A CONVERSION CATHODE MATERIAL
3.1

Abstract
The conversion cathode materials received much attention recently due to their

higher speciﬁc capacity over traditional intercalation cathode materials, however the
poor reversibility and the poor cycle life caused by the structural instability during cycling impede their applications. A graphene modiﬁed FeOF hybrid material
(FeOF/G) has been developed by a hydrothermal-sintering method. The cycle life
and columbic eﬃciency of FeOF/G is greatly improved compared to blank FeOF material. FeOF/G exhibited 621 mAh/g initial speciﬁc capacity and retained 80% of its
initial capacity after 100 cycles at the rate of 0.1C. In-operando synchrotron XAS and
high energy XRD is applied to study the behavior of FeOF/G during cycling. It is
proved that the incorporation of graphene nanosheets can increase the irreversibility
of FeOF and make its structure stable.

3.2

Introduction
Compared with intercalation cathode materials, conversion cathode materials re-

ceive more attention due to their high speciﬁc capacity, however, poor conductivity
and poor reversibility have always been two issues that limit the applications of conversion cathode materials.
Metal ﬂuorides and oxides have been recently studied [48,49]. During the discharge
process, the conversion reaction will occur resulting in the formation of metal and
Li2 O or LiF. Such a reaction usually involves multi-electron transference so that more
energy can be delivered.
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Iron oxide (Fe2 O3 ) was studied due to its extremely high speciﬁc capacity (1005
mAh/g), low cost and environmental friendliness [49]. Han et al. [50] improved the
reversibility by coating Fe2 O3 with polypyrrole. Jeong et al. [21] coated Fe2 O3 hollow
spheres with PANI to improve its stability upon cycling. Although the speciﬁc capacity of Fe2 O3 is high and the stability of Fe2 O3 has been improved, the lower potential
of Fe2 O3 vs. Li/Li+ and the low electronic conductivity also limit its application. Iron
ﬂuorides (FeF2 and FeF3 ), have also been studied recently as conversion cathode materials. Li et al. [19] studied the behavior of FeF3 during cycling in detail with TEM
and x-ray absorption spectroscopy. Signiﬁcant hysteresis has been found during the
charge/discharge process of FeF3 which is due to the compositional inhomogeneity.
Despite the FeF3 being not reversible upon cycling, the higher potential over Li/Li+
can also be utilized for future applications.
By considering the advantages and disadvantages of both Fe2 O3 and FeF3 , it is
expected that the higher potential and speciﬁc capacity can be achieve simultaneously
by replacing part of the oxygen atoms in Fe2 O3 with ﬂuorine atoms. After replacing
O with F, the potential of Fe2 O3 can be increased while keeping its high speciﬁc
capacity.
Pereira et al. [25] synthesized iron oxyﬂuoride and found that F/O mixing anion
composite exhibited higher speciﬁc capacity than FeF2 and showed a higher potential
than Fe2 O3 . However, only initial performance was reported without further cycling
performance. Wiaderek et al. [26] used in-operando PDF characterization while trying to explain the reaction mechanism of FeOF during the change/discharge process.
Although they had a preliminary conclusion about the reaction inside FeOF, the valence change and local structure change during cycling was still not clearly explained.
Sina et al. [27] tried to use EELS and in-situ XAS to explain the structure change
of FeOF and elucidate the structure evolution of FeOF during the charge/discharge
process. Kim et al. [22] used TEM and EELS to illustrate the phase transformation process during the initial cycle of FeOF. A rutile-rocksalt transformation was
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observed, however more detailed work is still needed to fully understand the reaction
process.
Although some preliminary research has been completed recently, the structural
instability issue for FeOF materials have not been resolved. We have found that
during charge/discharge process, the motion of the discharge products will cause
the capacity fading during long term cycling. To solve this problem, graphene was
chosen as a doping agent. Graphene is a 2-D material that has high mechanical
strength and electronic conductivity. Introducing graphene into FeOF system can
provide a stable substrate for FeOF and its discharge product to be anchored to
so that the reversibility of FeOF can be greatly improved. In addition, the high
electronic conductivity of graphene will also help to minimize the internal resistance,
hence the rate performance of FeOF can be also improved. In addition, with the
help of in-operando XAS the exact valence change during the cycling of FeOF and
FeOF/Graphene hybrid can be clearly identiﬁed, which is helpful in revealing the
reaction and fading mechanism of FeOF and the role of graphene in enhancing the
performance of FeOF.

3.3

Experimental

3.3.1

Materials and Instruments

All materials were used as received and listed in table 3.1. All instruments used
were listed in table 3.2.
Table 3.1.: Materials.
Chemical Name

Purity

Provider

Chemical Name

Purity

Provider

Iron powder

99.5 wt.%

Alfa Aesar

Hexaﬂuorosilic acid (H2 SiF6 )

25.0 wt.%

Acros Organics

continued on next page
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Table 3.1.: continued

3.3.2

Chemical Name

Purity

Provider

Deionized (DI) water

18 MΩ

Millipore

0.45 µm nylon ﬁlter membrane

N/A

Whatman

Air

5.0 UHP

Praxair

Graphite powder

99.8 wt.%

Alfa Aesar

Sulfuric acid (H2 SO4 )

95.0-98.0 wt.%

Fisher Scientiﬁc

Potassium persulfate (K2 S2 O8 )

99.0+ wt.%

Acros Organics

Phosphorus pentoxide (P2 O5 )

99.0+ wt.%

Fisher Scientiﬁc

Potassium permanganate (KMnO4 )

99.0+ wt.%

Alfa Aesar

Hydrogen peroxide(H2 O2 )

30 wt.%

Fisher Scientiﬁc

Sodium Nitrate (NaNO3 )

99.0+ wt.%

Sigma Aldrich

Hydrochloric acid (HCl)

36.5-38 wt.%

Fisher Scientiﬁc

Super P carbon black

96.0 wt.%

TIMCAL

Polyvinylidene ﬂuoride (PVDF)

N/A

Sigma Aldrich

1-methyl 2-pyrrolidone (NMP)

99.9 wt.%

Fisher Scientiﬁc

Lithium hexaﬂuorophosphate (LiPF6 )

99.9 wt.%

Novolyte

Ethylene carbonate (EC)

99.9 wt.%

Novolyte

Ethyl methyl carbonate (EMC)

99.9 wt.%

Novolyte

Polypropylene separator

N/A

Celgard

Synthesis of FeOF

The FeOF nanoparticles were synthesized through a solution reaction process.
Iron powder was mixed with 25 wt.% H2 SiF6 aqueous solution in an erlenmeyer ﬂask.
The mixture was then heated to 45 ◦ C for 25 h under constant stirring. The resulting
mixture was cleaned by DI-water for multiple times and ﬁltered by a 0.45 µm nylon
ﬁlter membrane. The remaining FeSiF6 ·6H2 O solid was transferred to freeze dryer
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Table 3.2.: Instruments.
Instrument

Provider

Freeze dryer

Labconco

Vacuum oven

VWR

Centrifuge

Thermo Scientiﬁcs

Ultrasonic bath

Branson

Battery tester

Arbin

Impedance/gain-phase analyzer

Solartron

VSP Potentiostat

Bio-logic

Glove box

MBraun

Mercury intrusion porosimeter(MIP)

Micromeritics

Gas sorption analyzer

Quantachrome

before it was fully dried. The chamber of the freeze dryer was then pulled to vacuum
after the sample was cooled down to -81 ◦ C. After drying for three days in the freeze
dryer, the sample was collected from the freeze dryer and transferred to a tube furnace.
The sample was then heated in the air ﬂow at 250 ◦ C for one hour before the FeOF
product could be harvested.

3.3.3

Synthesis of Graphene Oxide (GO)

Hummers method [51] was modiﬁed to synthesize graphene oxide in this work.
Pre-oxidation of graphite ﬂakes was conducted through mixing 10 g graphite powder,
50 ml concentrated sulfuric acid, 10 g K2 S2 O8 , and 10 g phosphorus pentoxide P2 O5 ,
the mixture was then heated up to 80 ◦ C and then cooled down to room temperature. Then, the pre-oxidized graphite was washed and ﬁltered with DI water. The
remaining solid was then transferred to a vacuum and dried at 80 ◦ C overnight and
then the pre-oxidized graphite was harvested.
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Two grams of pre-oxidized graphite powder, one gram of NaNO3 and 46 ml of
concentrated sulfuric acid were mixed in a 500 ml round bottom ﬂask under constant
stirring for 30 min. Then six grams of KMnO4 was added into the above mixture
slowly in an ice bath. After mixing for 2 h, 92 ml DI water was slowly added into
the ﬂask and an oil bath was applied to keep the temperature of the solution between
95 and 100 ◦ C. After 10 min, the solution was cooled down and then the dilution of
the solution was done by the addition of 280 ml DI water. The solution was then
further oxidized by the addition of 10 ml 30 wt.% H2 O2 . The homogeneous solution
was then centrifuged and washed by DI water and 0.1 M HCl solution to get rid
of the remaining impurity ions. After the solution was washed repeatedly by DI
water and HCl solution, the remaining product was dispersed in DI water to form a
homogeneous GO solution.

3.3.4

Synthesis of FeOF/Graphene Hybrid (FeOF/G)

The synthesis process of FeOF/G is shown in ﬁgure 3.1. After the product from
the reaction between Fe and H2 SiF6 solution was washed and ﬁltered, the remaining
solid was re-dispersed into DI water and sonicated for 1 h. 10 wt.% graphene oxide
relative to FeOF was added into the above dispersion under constant stirring. Then
the solution was transferred into a Teﬂon lined stainless steel autoclave for the hydrothermal reaction. The autoclave was heat treated in the oven under 180 ◦ C for
10 h to ensure the hydrothermal process was fully completed. Then the resulting
FeSiF6 /GO product was freeze dried in a freeze dryer at -81 ◦ C for 3 days before it
was fully dried. Then the solid was transferred to a tube furnace and heat treated at
250 ◦ C for 2 h under constant air ﬂow.

3.3.5

Assembly of Coin Cells

The electrode was made of active material (FeOF or FeOF/G), super P as electric
conductor and PVDF as binder at the weight ratio of 8:1:1. After anhydrous NMP
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Fig. 3.1.: Synthesis process of FeOF/G.
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was added, the mixture was fully ground and mixed in an agate mortar until a uniform
viscous slurry was formed. The slurry was then coated on an aluminum foil using
a doctor blade. After the electrode was dried under an IR bulb, it was transferred
to a vacuum and dried for 24 h at 80 ◦ C. The electrode was then cut into 16 mm
diameter discs and transferred to an Ar-ﬁlled glove box to be used as the cathode.
One molar Li+ conducting electrolyte was prepared by mixing a calculated amount
of LiPF6 into a 3:7 (vol) EC:EMC solvent and stirring overnight. The type-2016 coin
cell was then assembled in the glove box using lithium foil as anode, Celgard 2400 as
separator, FeOF or FeOF/G as cathode and LiPF6 in EC/EMC as electrolyte.

3.3.6

Characterization

JEOL and Themis TEM were used to observe the morphology and obtain the
electron diﬀraction pattern of FeOF and FeOF/G material. An JEOL 2100F scanning
electron microscope (SEM) was used to observe the surface morphology. An Autopore
IV mercury intrusion porosimeter (MIP) and a N2 gas sorption analyzer were used
to determine the inner pore size distribution of FeOF and FeOF/G.
The electrochemical cycling of the coin cells was performed at room temperature using an Arbin battery tester. The cells were galvanostatically cycled between
1.0 V and 4.0 V. The AC impedance measurement was carried using a Solartron
impedance/gain-phase analyzer. The frequency range was set from 1 MHz to 20
mHZ with a 5 mV amplitude of perturbation voltage for AC input.
In-operando X-ray absorption spectroscopy (XAS) characterization was performed
at 20BM of Advanced Photon Sources at Argonne National Laboratory. A 2 mmdiameter hole was punched on the center of each of the coin cell case and spacer.
The hole on the case was sealed with Kapton tape. Under the transmission mode,
the X-ray from the storage ring of the synchrotron facility went through a Si (111)
monochromator and then transmitted through the cell while the cell was cycling
between 4.0 V and 1.0 V using a Maccor battery tester. All the cells were tested
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under 0.2 C and the spectra collected from the beamline was analyzed by Athena
software and the valence of Fe in the samples was acquired using linear combination
ﬁtting [52].
In-operando high energy x-ray diﬀraction (HEXRD) measurements were also carried out using the same setup as the XAS measurement at 11ID-C beamline. The
beamline was operated under a transmission mode. The 2-D diﬀraction patterns were
collected by a Perkin-Elmer large area detector approximately 1800 mm away from
the samples. X-ray diﬀraction patterns were collected while the cells were cycled between 4.0 V and 1.0 V using a Maccor battery tester. The heat treatment process of
the precursors of FeOF and FeOF/G were also observed under HEXRD to study the
formation process of FeOF and FeOF/G during the heat treatment process. In-situ
HEXRD patterns were collected while the precursor FeSiF6 and FeSiF6 /GO powder
were heated in the furnace with glass windows. The samples were then heated from
room temperature to 400 oC under constant air ﬂow while the diﬀraction data was
collected. The diﬀraction patterns were calibrated by a CeO2 standard sample and
converted to 1-D spectra by Fit2D software [53].

3.4

Results and Discussion

3.4.1

Electrochemical Characterizations of FeOF and FeOF/G Hybrid
Materials

The cells with FeOF and FeOF/G cathodes were ﬁrst discharged from open-circuit
voltage to 1.0 V and then charged to 4.0 V at the rate of 0.1C. It is observed that
introducing 10 wt.% of graphene in FeOF increased its discharge capacity. It is
calculated that the speciﬁc capacity for FeOF alone for the typical one, two and
three-electron processes are 295 mAh/h, 590 mAh/g and 885 mAh/g. As can be seen
from ﬁgure 3.2, the initial discharge speciﬁc capacity of FeOF/G is 637.42 mAh/g
which is 10.8% higher than that of blank FeOF (575.47 mAh/g). The energy density
of FeOF and FeOF/G are 3775.68 Wh/L and 4941.26 Wh/L, respectively. The voltage
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Fig. 3.2.: Voltage proﬁle of blank FeOF (BLK) and FeOF/G (GRP) for the initial
charge/discharge cycle.

proﬁle of blank FeOF during the initial discharge process shows an inﬂection point at
13% depth of discharge (DOD), which is an indication of two signiﬁcantly diﬀerent
reaction mechanisms during this process and the change of these two reactions occurs
quickly, however the curvature of the discharge curve of FeOF/G changes smoothly
without signiﬁcant inﬂection point. This indicates that the reaction transforms from
one reaction to the other gradually. After the cells are charged to 4.0 V, FeOF/G keeps
about 600 mAh/g speciﬁc capacity, however there is only 190 mAh/g capacity left for
blank FeOF. When comparing the voltage proﬁle of blank FeOF and FeOF/G, the
discharge and charge voltage curves of FeOF/G is symmetrical, however the charge
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curve for blank FeOF lacks the inﬂection point appeared in the discharge process
and almost no curvature change can be observed. The performance of blank FeOF
seems contradicting to other works [27, 54] because the capacity fading is signiﬁcant
and the columbic eﬃciency (32.9%) is too low. The poor performance of blank FeOF
is due to the low cut oﬀ voltage compared to other works. Lower cut oﬀ voltage
in this study makes the conversion reaction of blank FeOF deeper and the reaction
is more irreversible. Although the discharge is deep enough, FeOF/G can still hold
most of its initial discharge capacity and a high columbic eﬃciency, which indicates
that introducing graphene nanosheets can help to stabilize FeOF and increase its
reversibility.
The voltage proﬁles of blank FeOF and FeOF/G for the following cycles are also
plotted in ﬁgure 3.3. Blank FeOF lost its capacity during cycling at an extremely
high capacity fading rate. After 30 cycles, there is no capacity left for blank FeOF,
which indicates that the cathode material is completely damaged. On the contrary,
the voltage proﬁles for diﬀerent cycles of FeOF/G almost overlap with each other,
which indicates the superior reversibility of FeOF/G as a conversion cathode material.
After 50 cycles, FeOF/G only loses 10% of its initial capacity which is corresponding
to 0.2% per cycle. The comparison between blank FeOF and FeOF/G proves that the
introducing of graphene nanosheet can make irreversible FeOF reversible even under
deep discharge condition.
The diﬀerential capacitance (dQ/dV) is also calculated from the voltage proﬁle
and plotted in ﬁgure 3.4. An apparent peak during the discharge process of blank
FeOF can be observed for the 5th cycle, which indicates that one electrochemical
reaction takes place at this voltage (∼1.65V). However, for the following cycles, no
obvious peaks are found, suggesting that there is almost no electrochemical reaction
for the following cycles. The completely lost capacity for blank FeOF observed from
the voltage proﬁle of blank FeOF also agrees with the diﬀerential capacitance. On
the other hand, clear peaks can be found for the ﬁfth cycle of FeOF/G on both the
charge and discharge processes. The deviation of the change/discharge peak position
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Fig. 3.3.: Voltage proﬁle of blank FeOF (BLK) and FeOF/G (GRP) for the initial
charge/discharge cycle.

is due to the diﬀerent reaction path. Even after 100 cycles, those peaks are still
at their original position and overlap with the dQ/dV curve of the ﬁfth cycle of
FeOF/G, which is also strong evidence that graphene nanosheets can help to improve
the reversibility of FeOF.

Fig. 3.4.: Diﬀerential capacitance plot of FeOF.
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The long-term cycling test of FeOF and FeOF/G is carried out between 4.0 V and
1.0 V at the rate of 0.1C and 1C using Arbin battery tester to compare their longterm cycling performance and rate performance. The speciﬁc capacity and capacity
retention of both materials were plotted in ﬁgure 3.5. Under 0.1C rate, blank FeOF
lost almost all its capacity after eight cycles (90% loss during the ﬁrst cycle), which
agrees well with the previous discussion. When the rate is increased to 1C, blank
FeOF shows almost no capacity. Poor rate performance of blank FeOF is largely due
to the poor conductivity of FeOF. It is well known that iron oxides and ﬂuorides
are insulators. For blank FeOF, electrons can be transferred through the cathode
only if the current is low enough. However, when the current is increased, the poor
conductivity of blank FeOF cannot support the electron ﬂow anymore so that the
electrochemical reaction cannot sustained. Since graphene has an extremely high
electronic conductivity, it is expected introducing graphene into FeOF will greatly
increase the electronic conductivity of FeOF, hence the rate performance of FeOF
can be enhanced. As can be seen in ﬁgure 3.5b, the capacity retention curves of
FeOF/G under 0.1C and 1C overlap with each other. This indicates that graphene
can help to improve the rate performance of FeOF. In addition, the capacity decay
rate which is 0.2% per cycle keeps constant for FeOF/G even after 100 cycles, which
also prove the stability enhancement of the introduction of graphene nanosheet on
FeOF.
To better study the electrochemical reaction process of blank FeOF and FeOF/G,
cyclic voltammetry scan (CV) is performed at the scan rate of 5 mV/s between 4.0
V and 1.0 V. The results of the CV scans of blank FeOF and FeOF/G are shown in
ﬁgure 3.6. A single peak can be observed for both reduction and oxidation process
of blank FeOF for the initial cycle. It is known that the reduction peak at around
3.0 V corresponds to the ﬁrst intercalation step of Li+ into FeOF [55]. Inﬂuenced by
the diﬀusion of Li+ and poor electronic conductivity, the second conversion reaction
peak is not observed in the reduction process. Similar for the oxidation process, the
single peak is also corresponding to the deintercalation of Li+ . The peaks become
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Fig. 3.5.: Speciﬁc capacity (a) and capacity retention (b) of blank FeOF and
FeOF/G during long term cycling at the rate of 0.1C/1C.

too weak, which indicates the poor stability of FeOF upon cycling. Three reversible
peaks can be observed from the CV curve of FeOF/G which appear at 2.85 V, 1.76 V
and 1.00V during the reduction process. The corresponding oxidation peaks during
the oxidation process can be found at 3.65 V, 3.00 V and 2.65 V. It has been studied
by Chevrier et al. [55, 56] that those three pairs of reversible peaks correspond to the
three electrochemical processes below:

P eakI/I 0 : F e(III) ↔ F e(II)(Intercalation)
P eakII/II 0 : F e(III) ↔ F e(II)(Conversion)
P eakIII/III 0 : F e(II) ↔ F e(0)(Conversion)

In the ﬁrst process, Li+ will intercalate into the structure of FeOF and reduce
part of Fe3+ in FeOF to Fe2+ without damaging its structure. When the number
of Li+ ions which intercalates into FeOF structure exceeds the limit that FeOF can
hold, the structure of Li+ intercalated FeOF will start to collapse and the conversion
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of Fe3+ to Fe2+ will occur. When all Fe3+ has been completely converted to Fe2+ ,
the conversion reaction still proceeds at a lower voltage resulting in the appearance
of nano-Fe cluster.

Fig. 3.6.: CV scan of (a) blank FeOF and (b) FeOF/G under 5 mV/s scan rate
between 4.0 V and 1.0 V. Peak I/I, II/II and III/III pairs are corresponding to Li+
intercalation and two Fe conversion process, respectively.

AC impedance is measured to see the inﬂuence of the addition of graphene on
the electronic conductivity of FeOF. The electrochemical impedance spectroscopy
(Nyquist plot) and the equivalent circuit used for ﬁtting of blank FeOF and FeOF/G
is shown in ﬁgure 3.7. Both curves in ﬁgure 3.7 show similar patterns including a
semi-circle in the high frequency region and a slopping line tail in the lower frequency
region. The resistance of the electrode made of FeOF and FeOF/G is ﬁtted using the
equivalent circuit inserted in ﬁgure 3.7. The electronic resistance of blank FeOF is
261 Ω, which is more than 5 times higher than that of FeOF/G (47 Ω). The smaller
resistance indicates that the graphene nanosheets existed in FeOF do help to increase
its electronic conductivity by bonding FeOF nanoparticles together and building a
conductive bridge for electrons to ﬂow through.
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Fig. 3.7.: Nyquist plot of blank FeOF and FeOF/G.

The electrochemical test results show that the introduction of graphene nanosheets
increases both electronic conductivity and the stability of FeOF upon cycling.
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3.4.2

Physical Characterization of FeOF and FeOF/G Materials

Scanning electron microscope (SEM) is used to characterize the surface morphology of blank FeOF and FeOF/G. Figure 3.8a shows our proposed process for the
synthesis of FeOF/G. The precursor of FeOF will precipitate on graphene nanosheets
in the solution. After the heat treatment process, FeOF nanoparticles will grow from
the graphene nanosheets. As can be seen from the SEM images of blank FeOF,
without substrates that hold them together, FeOF nanoparticles agglomerate extensively and show a loose structure without many connections between each aggregate. FeOF/G shows a complete diﬀerent surface morphology compared to blank
FeOF. In the FeOF/G sample, FeOF nanoparticles can be clearly seen on both side
of graphene nanosheets and form a 3-D sandwich-like structure. As we proposed,
graphene nanosheets, which serve as a substrate, allow these FeOF nanoparticles to
anchor on. Upon cycling, although the structure of FeOF will change during the
conversion process and Fe nanoparticles will precipitate, graphene nanosheets will
hold the structure of FeOF and its discharge at the original location so they can be
charged back without losing any active materials. In the meantime, the high mechanical strength of graphene nanosheets will also help to release the strain and stress of
FeOF lattice during cycling thus increases its stability. In contrary, for blank FeOF,
since there is no substrate, FeOF will lose contact and the discharge products will
become mobilized and detached from the main framework. After losing Fe nanoparticles, which are active materials during charge process, the capacity of blank FeOF
will keep decreasing. If all the materials are detached from the cathode matrix, the
battery will be dead. The SEM images successfully explain the reason that graphene
nanosheets will help to increase the reversibility of FeOF upon cycling. In addition,
due to the high electronic conductivity, graphene nanosheets will also help to increase
the conductivity of FeOF as a media for the electron ﬂow. This explains the the higher
electronic conductivity of FeOF/G electrode observed from EIS and the much higher
capacity of FeOF/G at higher charge/discharge rate.
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Fig. 3.8.: Illustration of the synthesis of FeOF/G (a) and SEM images of (b,c) blank
FeOF; (d,e) FeOF/G.

43
Blank FeOF and FeOF/G powders are also observed under transmission electron
microscope (TEM). Blank FeOF shows a rod-like nanostructure with increased aggregation. However, similar rod-like FeOF nanoparticle can be found residing on
graphene nanosheets in FeOF/G samples. This result agrees with the previous SEM
observation that FeOF nanoparticles are anchored on graphene nanosheets.

Fig. 3.9.: TEM images of (a) blank FeOF and (b) FeOF/G.

It has been reported by Kim et al. [22] that a series of structure and phase
transformations during the initial charge/discharge process. Because of the diﬀusion
limit of oxygen into the precursor during the heat treatment process, pristine FeOF
showed a non-uniform rutile structure with an O-rich shell and F-rich core. After
discharge, the structure would become an O-rich shell with Fe particles in the core.
When the sample is charged back, a new structure with an O-rich rocksalt shell and
F-rich rutile core is formed. Sina el al. [54] also reported how the structure of FeOF
changed upon long term cycling.
To better understand the structural evolution of FeOF/G during cycling, select
area electron diﬀraction (SAED) patterns are also collected at diﬀerent state of charge
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for diﬀerent cycles. No signiﬁcant diﬀerence can be found when comparing the SAED
pattern of blank FeOF with FeOF/G. Typical diﬀraction rings indicate crystalized
rutile structure of FeOF. All the facet and corresponding d-spacing have been labeled
in the ﬁgure 3.10. The d -spacing read from our measurement agrees with the result
from the literature [57]. Such observation indicates that the addition of graphene
nanosheets does not change the crystal structure of FeOF. The better rate performance in the initial cycle for FeOF/G compared to blank FeOF is due to the high
conductivity of graphene nanosheets.
After discharge, the crystallinity of FeOF and FeOF/G samples decreases significantly, which can also be seen clearly in the SAED pattern. Similar to the results
reported from other works [27], FeOF/G also tends to transform to amorphous state
after cycling.
To study the structural evolution more clearly, SAED intensity proﬁles are plotted
in ﬁgure 3.12. The intensity of the curves in ﬁgure 3.12 reﬂects the intensity of the
diﬀraction ring in SAED pattern. As can be seen, the pristine FeOF/G exhibits a
standard FeOF crystal structure. After one discharge process, three characteristic
diﬀraction peaks can be found at 0.209 nm, 0.149 nm and 0.119 nm, corresponding
to the (110), (200) and (211) facet, respectively, of the body centered cubic (BCC)
structured Fe. The precipitation of Fe after fully discharged is caused by the lower
cut-oﬀ voltage. Another weak peak at 0.250 nm can also be found, which attributes
to the characteristic diﬀraction of the rocksalt phase. The weak intensity of this peak
indicates that FeOF turns to a more amorphous state after the conversion reaction.
After the sample is charged to 100% SOC, characteristic peaks of the rocksalt phase
can be clearly found at 0.199 nm and 0.115 nm, corresponding to the (200) and (222)
facets of the rocksalt, respectively. The disappearance of the Fe phase suggests that
the precipitated Fe is fully converted back to the higher valence state. In addition,
another broad peak with a higher d-spacing can also be observed at around the 0.35
nm position. Such a big d -spacing is corresponding to rutile phase characteristic
peak with a shift to a larger d-space direction. The broadening of the peak suggests
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Fig. 3.10.: TEM images and corresponding SAED patterns of the initial state of
(a,c) FeOF/G and (b,d) blank FeOF.

the decreasing crystallinity and the shift is caused by the intercalation of Li+ into
the structure of FeOF, resulting in the d-spacing increase of the (110) facet. By
comparing the FeOF/G at 100% SOC and pristine state, it can be found that the
rocksalt and more amorphous rutile structure replace the original highly crystalized
rutile structure after one cycle. Identical SAED intensity proﬁle can be found after
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Fig. 3.11.: TEM image and corresponding SAED pattern of (a,b) FeOF/G after 1st
discharge; (c,d) FeOF after 1st charge; (e,f) FeOF/G at 0% SOC state after 10
cycles and (g,h) FeOF/G at 100% SOC state after 10 cycles.

10 cycles compared to the initial cycle. Fe and the amorphous rocksalt are still the
major components of the discharged state and the rocksalt/rutile is the major phase
of the fully-charged FeOF/G. When comparing the result of the ﬁrst cycle with the
tenth cycle, we can conclude that the electrochemical reaction of FeOF/G during
charge/discharge process is reversible. Compared to Sina et al.s work [54], in which
rutile phase disappeared upon cycling for blank FeOF, the existence of the rutile
phase after 10 cycles in FeOF indicates that graphene nanosheets can help FeOF to
maintain the rutile phase.
The corresponding electron energy loss spectrum (EELS) mapping of Fe element
in FeOF/G sample is also carried out to see how the element distribution changes
during the cycling. The Fe element mapping is shown in ﬁgure 3.13. Like Kim et al.s
result [22], an oxygen-rich shell and ﬂuoride core are found for the pristine FeOF/G
sample. After cycling, the core-shell structure remains even after 10 cycles at both
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Fig. 3.12.: SAED intensity proﬁle of FeOF/G at diﬀerent SOC state of diﬀerent
cycles. The standard of rocksalt phase and rutile phase are marked in the ﬁgure
using red dashed line and black dashed line, respectively.

the 0% and 100% SOC states. With the help of graphene, the whole structure of
FeOF can be preserved so that the core-shell structure is not damaged.

3.4.3

In-operando Synchrotron Characterization of FeOF and FeOF/G
Materials

X-ray absorption spectroscopy (XAS) is a well-established tool to monitor the
valence and the local environment of the element that we are interested in. For

48

Fig. 3.13.: EELS mapping of Fe at diﬀerent state of FeOF/G. (a) Pristine; (b) 0%
SOC after 10 cycles and (c) 100% SOC after 10 cycles. (Green represents oxygen
and red represents ﬂuorine)

the complex battery systems that involve crystalline and/or amorphous components,
XAS is especially informative. The near edge part in an XAS spectrum, called X-ray
absorption near edge spectrum (XANES), is very sensitive to the valence change and
can be applied in this work to monitor the valence change of Fe in the cathodes of the
battery systems. The Fourier transformation of the extended x-ray absorption ﬁne
structure (EXAFS), called FT-EXAFS, can be used to study the local environment
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change of Fe in FeOF and FeOF/G during cycling. The K-edge of Fe is collected in
the work.
To better compare the behavior of Fe in FeOF and FeOF/G during cycling,
XANES contour plots are shown in ﬁgure 3.14 together with the voltage proﬁle.
As can be seen from the 3-D contour plot of XAS spectra of blank FeOF, the intensity of the peak around 7130 eV changed linearly during the initial discharge process.
However, during the charge process, the change becomes discrete and after the whole
charge/discharge cycle, the peak cannot return to the initial state. Such change indicates that during the charge process, the structure of blank FeOF changes irreversibly.
The 3-D contour plot of FeOF/G sample, in contrast, shows a highly symmetric pattern for the discharge and charge process, which proves that the structural change of
FeOF/G is reversible upon cycling.
The XANES spectra and the corresponding FT-EXASF spectra of blank FeOF
during the initial discharge process are plotted in ﬁgure 3.15. Two signiﬁcant diﬀerent stages can be observed in this process based on the type of the edge shift. In
the ﬁrst stage (ﬁgure 3.15a), a rigid edge shift towards the lower energy direction in
a continuous manner can be found. The rigid shift is an indication of the reduction
of Fe3+ to Fe2+ due to the intercalation of Li+ into the structure of the rutile-FeOF.
In the FT-EXAFS spectra of blank FeOF in the ﬁrst stage of the initial discharge
(ﬁgure 3.15b), the strongest peak can be observed at 1.5 Å, corresponding to the
Fe-O/F interaction in the rutile/rocksalt structure. With the discharge process going
on, this peak is gradually decreasing. The intercalation of the Li+ in the structure
will gradually damage the bond between Fe and O/F, which consequently weakens
the interaction between Fe and O/F. After the cell is discharged to 64% SOC, one
Fe-Fe interaction peak can be found at 2.3 Å, indicating the formation of Fe metal in
the system. Starting from this point, Fe starts to appear, which marks the end of the
ﬁrst stage and the beginning of the second stage during the initial discharge process
in blank FeOF. In the second stage, instead of the rigid edge shift, a continuous edge
distortion centering on an isosbestic point (ﬁgure 3.15c) can be observed. Such be-
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Fig. 3.14.: XANES contour plot of the (a) blank FeOF and (b) FeOF/G during
electrochemical cycling.

havior is the consequence of the coexistence the composition change of two distinct
structures: rutile/rocksalt and Fe. With more and more Li+ ions intercalating into
the FeOF structure, the conversion reaction will start, resulting in the formation of
Fe. In the FT-EXAFS spectra of the second stage, the Fe-O/F peak keeps decreasing
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with the increasing of the Fe-Fe peak. Finally, the Fe-Fe interaction becomes dominant in the system. With the increasing involvement of the rutile/rocksalt in the
conversion reaction, more and more Fe-O/F bonds are destroyed. In the meantime,
more and more Fe nanoparticles will form, thereby becoming the major component
in the cathode of blank FeOF.

Fig. 3.15.: The XANES and FT-EXAFS spectra of blank FeOF in the (a,b) ﬁrst
stage and (c,d) second stage of the initial discharge process.

The XANES and FT-EXAFS spectra are plotted in ﬁgure 3.16. In contrast to the
discharge process where both rigid shift and distortion can be observed, only edge
distortion can be found in the charge process of blank FeOF. The absence of the
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rigid shift of the edge suggests that Fe and rutile/rocksalt phase coexist in the entire
charge process. The same conclusion also can be drawn from the FT-EXAFS spectra:
although the cell is charged to 4.0 V, the intensity of the Fe-Fe interaction is also as
strong as Fe-O/F, which also indicates that the majority of Fe is not charged back to
higher oxidation states.

Fig. 3.16.: XANES and corresponding FT-EXAFS spectra for blank FeOF in the
initial charge process.

The comparison of XANES spectra of blank FeOF at 0% SOC and 100% SOC
states is shown in ﬁgure 3.17. When comparing the XANES spectra of the initial
state with the ﬁrst discharged state of blank FeOF, both distortion and rigid edge
can be found in ﬁgure 3.17a. However, when comparing the initial state with the ﬁrst
charged state, the edge shifts towards the lower energy direction, which means that
the valence of Fe decreases and the FeOF does not maintain its initial state after the
initial cycle.
To compare the behavior of Fe in FeOF and FeOF/G, XANES and FT-EXAFS
spectra are also collected for FeOF/G in the same condition. Just like blank FeOF,
two distinct regions can be found in the initial charge process for FeOF/G. A rigid
edge shift can be observed between 100% SOC and 46% SOC. However, the rigid edge
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Fig. 3.17.: The comparison between (a) initial and ﬁrst discharged state and (b)
initial and ﬁrst charged state of blank FeOF.

shift stage in blank FeOF can be found in the range between 100% SOC and 64%
SOC. The longer range of the ﬁrst stage compared to blank FeOF indicates that Fe
appeared at a lower voltage for FeOF/G. As discussed above, graphene nanosheets
have a high mechanical strength, which enhances the structural integrity. With the
continuous insertion of Li+ , graphene nanosheets can help FeOF take more Li+ without any structural damage so that the rocksalt structure can still exist at a lower
voltage. The corresponding FT-EXAFS in ﬁgure 3.18b is also supports the preceding
conclusion. The peaks at 1.6 ˚
Aand 2.6 ˚
A represent the interaction between Fe and
the closest F/O atom in the rutile/rocksalt structure of FeOF. In the ﬁrst stage of
the initial discharge process of FeOF/G, the intensity of the peak almost does not
change, indicating that the rutile/rocksalt structure remains intact with the continuous insertion of Li+ . The edge distortion can still be observed in the second stage
during the initial discharge process of FeOF/G (ﬁgure 3.18c). Similarly, the distortion also represents the coexistence of Fe and the rutile/rocksalt phase in the system.
The FT-EXAFS spectra show that the intensity of the Fe-O/F in the rutile/rocksalt
starts to decrease. Meanwhile, another peak at 2.3 Å emerges and starts to increase
which corresponds to the Fe-Fe interaction in the metallic Fe. In the second stage,
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the rutile/rocksalt structure cannot hold its structure with the insertion of more and
more Li+ ions, the structure starts to convert to metallic Fe. Finally, after the cell is
fully-discharged, metallic Fe predominates with a small amount of remaining rocksalt
structure. Considering the SAED result, the ﬁnal Fe-containing phases in the system
are the rocksalt and metallic Fe.

Fig. 3.18.: The XANES and FT-EXAFS spectra of FeOF/G in the (a,b) ﬁrst stage
and (c,d) second stage of the initial discharge process.

Unlike blank FeOF during initial charge process where only distortion of the edge
can be found, both distortion and ridge edge can be observed for FeOF/G under the
same condition. The counter-clockwise distortion (ﬁgure 3.19a) can be found in the
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ﬁrst stage of the initial charge process for FeOF/G. In this stage, metallic Fe gradually
converts back to the rutile/rocksalt phase. At 80% SOC, all metallic Fe has converted
to the rutile/rocksalt phase and the reconversion process ends. The corresponding
FT-EXAFS spectra show that the Fe-Fe peak in the metallic Fe decreases and the FeO/F peak in the rutile/rocksalt increases at the same time during the charge process.
In ﬁgure 3.19c, the rigid edge shift also indicates that the Li+ deintercalation occurs
without major conversion reactions. In the FT-EXAFS of the 100% SOC state, all
Fe-Fe interaction peaks in metallic Fe disappear, which indicates that all the metallic
Fe product from the conversion reaction is converted back to the rutile/rocksalt phase.
Considering the result from SAED, the major phase in the 100% SOC state after the
initial cycle is rocksalt with small amount of rutile, which has a larger d-spacing than
the original FeOF. The larger d-spacing is cause by the intercalation of the Li+ and
this part of the Li+ is trapped in the FeOF structure, which causes the capacity drop
in the initial cycle.
To compare the reversibility of blank FeOF and FeOF in the initial cycle, the
XANES spectra of the initial state and the 100% SOC state after the initial cycle
of both blank FeOF and FeOF/G are shown in ﬁgure 3.20. Edge deviation from the
initial state after one cycle is observed on both blank FeOF and FeOF/G. However,
more signiﬁcant deviation is found for blank FeOF, caused by the loss of the Fe
nanoparticles that are not converted back. The diﬀerence between the initial and
the ﬁrst charged state for FeOF/G results from the trapped Li+ in FeOF structure,
forming rocksalt and Li+ intercalated rutile.
To track the valence change of blank FeOF and FeOF/G in the initial cycle,
linear combination method is applied to the XANES results of both blank FeOF and
FeOF/G. This can be used to get the detailed valence information of Fe element
in the cathodes. In the initial state, it is clear that Fe2+ and Fe3+ coexist in both
blank FeOF and FeOF/G without any metallic Fe. The pristine FeOF/G contains
66.2% Fe3+ and 33.8% Fe2+ , which yields a 2.66 average valence. On the other hand,
pristine FeOF/G contains 83.0% Fe3+ and 17.0% Fe2+ , which yields a 2.83 average
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Fig. 3.19.: The XANES and FT-EXAFS spectra of FeOF/G in the (a,b) ﬁrst stage
and (c,d) second stage of the initial charge process.

valence. The diﬀerence of the composition and valence between blank FeOF and
FeOF/G is due to the inhomogeneous diﬀusion of oxygen atoms into the structure
of FeOF during the heat treatment process. The Fe3+ to Fe2+ and Fe2+ to metallic
Fe reactions occur in the initial discharge process of both blank FeOF and FeOF/G.
At the beginning of the discharge of both blank FeOF and FeOF/G, the decreasing
of Fe3+ and the increasing of Fe2+ indicate the transition from Fe3+ to Fe2+ . The
amount of Fe2+ reaches the maximum when metallic Fe appears at 64% SOC for blank
FeOF and 46% for FeOF/G. The appearance of the Fe agrees well with the previous
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Fig. 3.20.: Comparison of the XANES spectra between initial state and ﬁrst charged
state for (a) blank FeOF and (b) FeOF/G.

XANES discussion. Since there is still a small amount of Fe3+ left in both blank
FeOF and FeOF/G, the transition from Fe3+ + to Fe2+ will continue simultaneously
with the conversion from Fe2+ to metallic Fe. The average valence change of Fe
in blank FeOF and FeOF/G are 2.04 and 2.00, respectively. The overall valence
and the behavior of each component in blank FeOF and FeOF/G are similar in the
initial discharge process. However, during the following charge process, signiﬁcant
diﬀerences can be observed. In blank FeOF, although the cell is charged to 100%
SOC, there is still 20.6% metallic Fe remaining in the cathode, indicating that part
of the discharged product of blank FeOF is not charged back. With the decreasing
of the amount of metallic Fe, the amount of Fe2+ and Fe2+ increase constantly until
fully charged. The valence of Fe in blank FeOF, on the other hand, is only charged to
1.94, which corresponds to only 1.37 electron transference during the charge process.
The diﬀerence between the discharge and charge processes is caused the unconverted
metallic Fe after the initial cycle. However, similar behavior of the composition change
of FeOF/G in the initial charge process compared to the initial discharge process can
be found. The amount of metallic Fe keeps decreasing and disappears at 80% SOC,
which agrees with the previous XANES analysis as well. The amount of Fe3+ keeps
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increasing with the decreasing of metallic Fe, however the amount of Fe2+ increases
ﬁrst and then decreases when metallic disappears. With the complete conversion of
metallic Fe back to the rutile/rocksalt structure, the average valence change in the
charge process is 1.85, which is much higher than that of blank FeOF. The diﬀerence
between the valence change of the initial discharge and charge processes is cause by
the trapped Li+ in the rutile and rocksalt phase which is discussed in the previous
XANES and FT-EXAFS analysis. The average valence and composition change of
blank FeOF and FeOF/G during the initial cycle also shows that the introduction of
graphene nanosheets into FeOF can help to increase its reversibility.

Fig. 3.21.: Average valence and the percentage of Fe3+ , Fe2+ and Fe in (a) blank
FeOF during initial discharge, (b) blank FeOF during initial charge, (c) FeOF/G
during initial discharge and (d) FeOF/G during initial charge process.
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Fig. 3.22.: The XANES and the corresponding FT-EXAFS spectra of blank FeOF
after 10 cycles during (a,b) discharge and (c,d) charge process.

To study the local structure and environment change upon long-term cycling, the
in-operando XANES and FT-EXAFS spectra of blank FeOF and FeOF/G after 10
cycles under 0.2C are also collected. Unlike the initial cycle, only rigid edge shift can
be found from the XANES spectra, which indicates that no conversion reaction occurs
during the discharge process in blank FeOF after 10 cycles. In the corresponding FTEXASF spectra, the peak corresponding to the Fe-Fe interaction in metallic Fe has
already become the major component in the fully-charged state and almost does not
change during the discharge process. On the other hand, the peak corresponding
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to the Fe-O/F interaction decreases with the interaction of Li+ during the charge
process. After taking both decrease of the Fe-O/F peak and the increase of the FeFe peak into consideration, it can be concluded that only Li+ intercalation occurs.
The intercalation process in FeOF can only contribute a small portion of the total
capacity, which explains why most of the capacity of blank FeOF is lost upon cycling.
Similar behavior can be found in the spectra of blank FeOF after 10 cycles during
the charge process. Only rigid edge shift can be observed from ﬁgure 3.22c. From
the FT-EXAFS spectra of the charge process, almost no Fe-Fe interaction intensity
change can be found with the increase of the Fe-O/F interaction. This observation
suggests that only intercalation process occurs after 10 cycles for blank FeOF and no
more metallic Fe is involved in the reaction.
When comparing the XANES spectra of blank FeOF at the 100% SOC and 0%
SOC state, only rigid edge shift can be observed (ﬁgure 3.23). This observation
suggests that only intercalation process occurs during the discharge process. As
discussed before, part of the metallic Fe cannot be charged back and stays at the Fe0
state, which causes the capacity loss. After 10 full cycles, most of the Fe in FeOF is
changed to the unconverted metallic Fe state so that the conversion process cannot
proceed anymore.
In contrast to the blank FeOF XANES and FT-EXAFS spectra after 10 cycles,
the spectra of FeOF/G show more reversibility. In addition, the discharge process of
blank FeOF after 10 cycles shows only rigid edge shift, whereas both rigid shift and
distortion is observed in the discharge process of FeOF/G after 10 cycles. The rigid
edge shift which represents the lithium intercalation process is found in ﬁgure 3.24a,
similar to the initial cycle of FeOF/G. In the second stage of the discharge process,
the distortion of the edge suggests the appearance of metallic Fe in the system. Meanwhile, the peak corresponding to the Fe-Fe interaction in metallic Fe starts to increase
and the peak corresponding to the Fe-O/F interaction in the rocksalt/rutile decreases
after 57% SOC. In the charge process, the rigid edge shift and edge distortion is also
found, providing additional proof that FeOF/G is reversible during long-term cycling.
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Fig. 3.23.: Comparison of the XANES spectra of 100% SOC and 0% SOC state of
blank FeOF after 10 cycles.

The valence information of blank FeOF and FeOF/G after 10 cycles is also extracted from the corresponding XANES spectra using linear combination method.
In the blank FeOF system, a large amount of metallic Fe (31.5%) exists from the
beginning (100% SOC) with 29.2% Fe3+ and 39.3% Fe2+ , yielding an average valence
of 1.66. During the discharge process, Fe3+ keeps decreasing and ﬁnally disappears
at 0% SOC state. The amount of Fe2+ increases initially with the decreasing of Fe3+
following the transition from Fe3+ to Fe2+ and then decreases slightly with the increasing of metallic Fe. The average valence of Fe in blank FeOF is 1.08 with only
0.58 valence change. The valence and composition change during the discharge of
blank FeOF after 10 cycles agree with the results from the XANES analysis, showing
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Fig. 3.24.: XANES and corresponding FT-EXAFS spectra for FeOF/G after 10
cycles during (a, b) ﬁrst stage of the discharge process, (c, d) second stage of the
discharge process, (e, f) ﬁrst stage of the charge process and (g, h) second stage of
the charge process.
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that the intercalation becomes the major reaction in blank FeOF after 10 cycles. In
the charge process, the amount of each component does not change too much with a
lot of metallic Fe left and the valence change is only 0.68. From the valence change,
it can be concluded that blank FeOF is not reversible upon cycling and the conversion reaction cannot occur. However, the intercalation part in the cycling of blank is
relatively reversible, which contributes to the remaining capacity after 10 cycles.
The FeOF/G shows a totally diﬀerent behavior compared to blank FeOF after 10
cycles. During the discharge process, the amount of Fe2+ increases with the decreasing

Fig. 3.25.: Valence change after 10 cycles for (a) blank FeOF during discharge, (b)
blank FeOF during charge, (c) FeOF/G during discharge and (d) FeOF/G during
charge process.
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of Fe3+ from 0% SOC to 50% SOC. In this region, Fe3+ is reduced to Fe2+ with the
intercalation of Li+ into FeOF. After the metallic Fe starts to appear at 50% SOC,
the amount of Fe2+ starts to decrease due to the transformation to metallic Fe. The
average valence change in the discharge process is 1.95, which is almost the same as
the initial discharge process of FeOF/G. During the charge process, the metallic Fe
is totally converted to rutile/rocksalt. The average valence change during the charge
process of FeOF/G is 1.87. The valence change during the charge process of FeOF/G
after 10 cycles shows its excellent reversibility.
From the in-operando XANES and FT-EXAFS study of blank FeOF and FeOF/G
during long-term cycling, it becomes clear that the addition of graphene nanosheet
into the FeOF successfully increases its reversibility. The reaction mechanism of blank
FeOF and FeOF/G is also studied. Initially, intercalation and conversion reaction
both occur in blank FeOF. However, after discharge, the capacity from conversion
decreases quickly and almost disappears after 10 cycles. Only the intercalation process
contributes a small portion of the initial capacity. For FeOF/G, the intercalation and
conversion take place throughout the whole cycling process even after 10 cycles, which
proves that graphene nanosheet can help FeOF maintain its structure.

Fig. 3.26.: Illustration of the stability enhancement mechanism of adding graphene
nanosheets into FeOF.
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Hereby, the mechanism of how graphene can increase the stability of FeOF is proposed according to the XAS and TEM results. In the synthesis process, the precursor
of FeOF nucleates on graphene nanosheets in the solution. After FeOF nanoparticles
are formed in the heat treatment process, they are anchored on graphene nanosheets.
During the discharge process, it helps FeOF nanoparticles release some internal strain
and stress caused by the intercalation of Li+ so that FeOF can accommodate more
Li+ in the intercalation process. When the conversion reaction starts, metallic Fe
nanoclusters are formed; and with the help of graphene nanosheets, they are held at
the original location so that these Fe nanoclusters can be easily converted back during the charge process. Without graphene nanosheets, the Fe nanoclusters become
mobilized and lose contact with the cathode matrix, which will cause the loss of the
capacity. Meanwhile, the close contact of the graphene nanosheet with the FeOF
nanoparticles will also help the electrons to eﬀectively ﬂow, improving the electronic
conductivity.

3.4.4

Conclusion

The introduction of graphene nanosheets into FeOF can help to improve both its
reversibility and rate performance. TEM is helpful to understand the phase evolution of FeOF at diﬀerent state of charge during the cycling process. With the help
of in-operando XAS, the local environment and the valence of Fe in FeOF during
cycling can be clearly studied. It is clearly seen that FeOF/G shows a much better
reversibility over blank FeOF due to the enhancement of graphene nanosheets on the
FeOF structure. With such a high capacity and reversibility, FeOF/G can be used as
next generation cathode material in PEDs and EVs.
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4. STUDY OF THE ACTIVITY AND DURABILITY OF
THE PGM CATALYST IN PEMFCS
4.1

Abstract
The high cost and low durability of XC72 carbon black supported platinum group

metal (PGM) catalyst are two major factors that hinder the wide application of
PEMFCs in the markets.
The amorphous nature of XC72 carbon black makes it prone to corrosion during
long-time cycling. Highly graphitized structure can help to enhance the structural
stability of the catalyst. Graphene has been studied in this work to replace the
XC72 as a new generation of catalyst support. Accelerated stress tests (ASTs) have
been applied on both Pt/XC72 and Pt/graphene catalyst using a rotation disc electrode (RDE) method to compare the durability of these two catalysts. The ECSA of
Pt/graphene decreases much less than that of Pt/XC72 catalyst, which indicates that
the Pt/graphene catalyst is more stable than the Pt/XC72 catalyst during long-term
cycling
In order to reduce the cost of the PGM catalyst, the highly active catalyst has to
be developed. To achieve this goal, NH2 functional groups are uniformly grafted on
the XC72 carbon black via diazonium reaction as a novel catalyst support in order
to improve the activity of the catalyst. The Pt nanoparticles are deposited on the
catalyst support via an aqueous solution reaction. The uniform positive charged NH2
functional groups on the catalyst support will interact with the negatively charged
PtCl6 2− via electrostatic force. The Pt nanoparticles will uniformly nucleate and
grow on functionalized catalyst support resulting a smaller nanoparticle size and a
more uniform distribution, which have been observed by transmission electron microscope (TEM). RDE tests and membrane electrode assembly (MEA) tests also show
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that Pt/NH2 -XC72 has both higher electrochemical surface area (ECSA) and oxygen
reduction reaction (ORR) activity.
Functionalized graphene is then studied as a catalyst support to improve both
activity and stability of the PGM catalyst. Both RDE and MEA durability have
been carried out and functionalized graphene is found to be more stable than graphene
support with higher ORR activity. To study the corrosion process of the catalyst,
identical location transmission electron microscopy (ILTEM) has been used to observe
the relative location change of Pt nanoparticles on the catalyst supports before and
after ASTs. After AST, the Pt nanoparticles on graphene support have been found
migrating signiﬁcantly, however the Pt nanoparticles on the functionalized graphene
remain unchanged upon long-term cycling. The functional groups on the surface of
the graphene sheets will help to immobilize Pt nanoparticles to prevent them from
migration so that the catalyst stability can be enhanced.

4.2

Introduction
The limited fossil fuel reserves and the continuously increasing demand for fuel

forces society to turn to renewable energy resources and look for high-eﬃciency renewable energy conversion devices. Polymer electrolyte membrane fuel cells (PEMFCs),
which have been developed for decades as propulsion systems to replace internal combustion engines in vehicles are good candidates for next generation energy conversion
devices, in which hydrogen is used as fuel instead of fossil fuels [58–63]. Fuel cells
have the advantages of high energy/power density, zero emissions, and high eﬃciency,
which have drawn great attention as alternative clean energy conversion devices for
automobile applications [64–66]. Pt nanoparticles are commonly used in fuel cells
as catalysts for oxygen reduction reaction (ORR) and hydrogen oxidation reaction
(HOR) [44, 67–69].
Another approach is to improve the hydrophilicity so that the catalyst will disperse
better in the ink and the activity of the catalyst can be improved. Carbon black is
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hydrophobic, which is diﬃcult to disperse in the water-based solvent when preparing
the ink for the catalyst layer. If the catalyst particles aggregate substantially, the
performance of the catalyst will be greatly inﬂuenced. To better disperse the ink
into the water-based solvent, Xu et al. [70, 71] used SO3 H function groups to modify
the surface chemistry of carbon black. The Pt based carbon black catalyst particles
disperse much better compared to untreated Pt based carbon black catalyst particles.
However, the performance of the catalyst is still not high enough, which is due to the
aggregate of the Pt nanoparticles. Pt nanoparticles are usually loaded on catalyst
support via the reduction of H2 PtCl6 in aqueous solution. The negative charge on
both PtCl6 2− in the precursor and SO3 H groups [72] on carbon black will introduce
a repelling force between them. As a result, Pt nanoparticles will not nucleate and
grow on the catalyst support uniformly so that Pt aggregate will form. With larger
Pt particles, the active reaction site for the ORR process will be reduced so that the
performance will become lower.
To better disperse the catalyst in the aqueous based solvent, NH2 function groups
have been selected for the surface functionalization via diazonium reaction [45, 73].
The Pt nanoparticles are found to become smaller on NH2 functionalized XC72 carbon
black (NH2 -XC72) with a more uniform distribution under the transmission electron
microscope (TEM). Due to the opposite charge on the precursor and NH2 function
groups, the Pt nanoparticles will nucleate and grow on NH2 -XC72 support uniformly
yielding a smaller particle size and more uniform distribution. Mercury intrusion
porosimetry (MIP) is also used to characterize the pore sized distribution of the
catalyst layer made by Pt/NH2 -XC72 and Pt/XC72 catalysts.

4.3

Experimental

4.3.1

Materials and Instruments

All materials are used as received and listed in table 4.1. All instruments for the
characterization are listed in table 4.2.
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Table 4.1.: Materials.
Chemical Name

Purity

Provider

Chemical Name

Purity

Provider

Deionized (DI) water

18 MΩ

Millipore

0.45 µm nylon ﬁlter membrane

N/A

Whatman

Air

5.0 UHP

Praxair

Oxygen (O2 )

5.0 UHP

Praxair

Hydrogen (H2 )

5.0 UHP

Praxair

Nitrogen (N2 )

5.0 UHP

Praxair

70 wt.% Perchloric acid (HClO4 )

99.9999 wt.%

Fisher Scientiﬁc

Chloroplatinic acid (H2 PtCl6 ·xH2 O)

99.9 wt.%

Acros Organics

Carbon black Vulcan XC-72

N/A

Cabot

Naﬁon solution

5 wt.%

Ion Power Inc.

Graphite powder

99.8 wt.%

Alfa Aesar

Ethylene glycol

99.8 wt.%

Sigma Aldrich

Sodium borohydride (NaBH4 )

99 wt.%

Acros Organics

Ammonium hydroxide

28-30 wt.%

Fisher Scientiﬁc

1-propanol alcohol (NPA)

99.9 wt.%

Fisher Scientiﬁc

2-propanol alcohol (IPA)

99.9 wt.%

Fisher Scientiﬁc

Ethanol

99.5 wt.%

Fisher Scientiﬁc

20 wt.% Pt/XC72 catalyst (ETEK)

N/A

ETEK

30 wt.% Pt/XC72 catalyst (ETEK)

N/A

ETEK

Gas diﬀusion layer (GDL)

N/A

Fuel Cell Store

N211 Naﬁon membrane

N/A

Ion Power Inc.

NFHP Naﬁon membrane

N/A

Ion Power Inc.

Sulfurid acid (H2 SO4 )
Hydrazine hydrate

95.0-98.0 wt.% Fisher Scientiﬁc
64.0-64.6 wt.%

Acros Organics

continued on next page
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Table 4.1.: continued
Chemical Name

Purity

Provider

Potassium persulfate (K2 S2 O8 )

99.0+ wt.%

Acros Organics

Phosphorus pentoxide (P2 O5 )

99.0+ wt.%

Fisher Scientiﬁc

Potassium permanganate (KMnO4 )

99.0+ wt.%

Alfa Aesar

Hydrogen peroxide(H2 O2 )

30 wt.%

Fisher Scientiﬁc

Sodium Nitrate (NaNO3 )

99.0+ wt.%

Sigma Aldrich

P-phenylenediamine

97.0+ wt.%

Acros Organics

Sodium nitrite(NaNO2 )

97.0+ wt.%

Sigma Aldrich

4-aminobenzoic acid

99 wt.%

Alfa Aesar

Sulfanilic acid

98+ wt.%

Alfa Aesar

Table 4.2.: Instruments.

Instrument

Provider

Freeze dryer

Labconco

Vacuum oven

VWR

Centrifuge

Thermo Scientiﬁcs

Ultrasonic bath

Branson

Fuel test station

Fuel Cell Technologies

Impedance/gain-phase analyzer

Solartron

Electrode rotator

Pine Research

VSP Potentiostat

Bio-logic

Sonic dismembrator

Fisher Scientiﬁc

Mercury intrusion porosimeter(MIP)

Micromeritics

Gas sorption analyzer

Quantachrome
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4.3.2

Synthesis of Graphene Nanosheet

Graphene oxide (GO) was synthesized using the Hummers method which was
described in the previous chapter. 100 mg GO was uniformly dispersed into 100
ml DI water under ultrasonication. 1 ml hydrazine was added into the dispersion
followed by the reﬂux at 95 ◦ C for overnight. After the dispersion was cooled down to
temperature, it was then cleaned by DI water and ﬁltered by a 45 µm nylon ﬁltration
membrane. Before the sample was fully dried, it was transferred into a freeze drier
and freeze dried at -81 ◦ C for two days and the graphene nanosheets were collected
for further use.

4.3.3

Synthesis of Functionalized Carbon Black (FCB) and Functionalized Graphene

To synthesize SO3 H-functionalized carbon black (SO3 H-XC72), 100 mg XC-72
carbon black (XC72) was dispersed into 100 ml DI water followed by the addition
of 44.2 mg sulfanilic acid and 13.9 µl H2 SO4 . The dispersion was then sonicated
in an ultrasonic bath for half an hour and then transferred to an oil bath. 17.6
ml of NaNO2 solution (1 mg/ml) was added into the dispersion drop-wise and the
oil bath was heated to 65 ◦ C overnight under constant magnetic stirring. After the
reaction was completed, the dispersion was washed by ethanol/DI water mixture and
ﬁltered by a 0.45 µm ﬁlter membrane. The ﬁnal product was transferred to a vacuum
oven at 80 ◦ C and dried overnight. For the synthesis of NH2 -functionalized carbon
black and COOH-functionalized carbon black, sulfanilic acid was replaced by 27.9 mg
p-phenylenediamine and 25.0 mg 4-aminobenzoic acid, respectively.
100 mg GO was dispersed into 100 mg DI-water and sonicated in the ultrasonic
bath until a uniform dispersion was formed. After the PH of the dispersion was
adjusted to 10, 20 ml NaBH4 aqueous solution (25 mg/ml) was added drop-wise in to
the dispersion with constant stirring. Then the dispersion was heated to 80 ◦ C in an
oil bath for one hour before it was cooled to room temperature. The resulting black
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dispersion was then transferred to the centrifuge and cleaned with DI water twice
before the black pre-oxidized GO was collected on the bottom of the centrifuge tube.
The NH2 -functionalized graphene (NH2 -G) was synthesized by mixing 100 mg preoxidized GO, 111.4 mg p-phenylenediamine and 55.4 µl H2 SO4 were then re-dispersed
into 100 ml DI-water under sonication. The dispersion was then transferred to an oil
bath at 65 ◦ C before 35.2 ml of NaNO2 (2 mg/ml) was added drop-wise under constant
stirring. The dispersion was heated at 65 ◦ C overnight. 1 ml hydrazine was then added
into the dispersion under reﬂux at 95 ◦ C overnight to fully reduce the functionalized
GO to graphene. The product was washed by ethanol/DI water repeatedly and
collected by ﬁltration using a 0.45 µm ﬁlter membrane. Before the NH2 -G was fully
dried in the ﬁltration process, the whole ﬁltration cake was transferred into a freeze
dryer under -81 ◦ C. When the product was fully dried, the chamber was pulled to
vacuum and the product was collect after two days. Similarly, SO3 H-functionalized
graphene (SO3 H-G) and COOH-functionalized graphene (COOH-G) were synthesized
by replacing the p-phenylenediamine with 176.7 mg sulfanilic acid and 100.0 mg 4aminobenzoic acid, respectively.

4.3.4

Synthesis of Pt/G, Pt/FCB and Pt/FG

The deposition of Pt on FCB/FG was achieved by the reduction of H2 PtCl6 ·xH2 O
in ethylene glycol (EG) aqueous solution. 70 mg graphene, FCB or FG was ﬁrst dispersed in 70 ml 60% EG aqueous solution under ultrasonication. After the graphene,
FCB or FG was uniformly dispersed in the solution, 3 ml H2 PtCl6 solution was added
into the dispersion and the dispersion was then stirred for half an hour. The mixture
was then reﬂuxed at 140 ◦ C for 6h. The remaining dispersion was then washed by DI
water and ﬁltered by a 0.45 µm nylon ﬁltration membrane. For Pt/FCB, the remaining solid was dried in a vacuum oven overnight at 80◦ C. For Pt/FG and Pt/graphene,
the obtained ﬁltration cake was transferred into a freeze dryer before it was dried and
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freeze dried at -81 ◦ C for two days before the ﬁnal Pt/FG or Pt/graphene catalyst
could be obtained.

4.3.5

Rotation Disc Electrode Preparation and Test

Rotation disc electrode (RDE) method is an electrochemical characterization that
can eliminate the inﬂuence of the diﬀusion on the measurement of the catalyst activity.
The setup of the RDE test is shown in ﬁgure 4.1. The catalyst ﬁlm on the RDE
electrode is required to be thin enough so that the inﬂuence of the diﬀusion can be
minimized. The electrode was ﬁrst polished with 0.3 µm alumina suspension on the
polish cloth. Then the electrode was dipped into concentrated HNO3 and rinsed with
DI water to remove the remaining alumina on the electrode surface. After this process
was repeated for three times, the electrode was then sonicated in an ethanol/DI water
solution for 15 minutes and dried via air ﬂow.
To prepare the catalyst ink, 3.4 mg catalyst was added into an 8-ml vial by
the addition of 17 µl 5 wt.% Naﬁon dispersion and 2 ml 20 vol.% IPA aqueous
solution. The dispersion was ultrasonicated by a sonic dismembrator for 4 minutes
and a uniform catalyst ink was formed.
The rotator with the RDE electrode was then set upside down and the rotation
speed was set to 100 rpm. 10 µl of newly prepared catalyst ink was dropped on
the surface of the RDE electrode and then the rotation speed was increased to 500
rpm. An infrared lamp was set about 10 cm away from the coated RDE electrode to
dry the catalyst ink until a uniform ﬁlm was formed. Then the rotator system was
turned back to its original position. 0.1 M HClO4 or 0.09 M H2 SO4 of solution was
used as electrolyte for the measurement. Before cyclic voltammetry (CV) test, the
electrochemical cell was cleaned repeatedly with dilute H2 SO4 and DI water. N2 was
then bubbled into the HClO4 solution containing cell for 30 min so that the electrolyte
was saturated with N2 . A hydrogen electrode was used as the reference electrode and
a high surface area Pt coil was used as the counter electrode. The RDE electrode was
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then immersed into the N2 -saturated electrolyte and the electrochemical cleaning of
the electrode was carried out by the triangle sweep between 0.05 V and 1.20 V vs.
RHE at the scan rate of 1000 mV/s for 50 cycles. After the electrochemical cleaning
was ﬁnished, CV was collected by a triangle sweep between 0.05 V and 1.00 V vs.
RHE at the scan rate of 50 mV/s. The electrochemical surface area of the catalysts
was calculated according to the equation:

ECSA =

QH
Qref LP t v

where QH is the integration of the hydrogen adsorption peak in the CV curve,
Qref is the unit area Pt adsorption charge (210 µC/cm2 ) and v is the scan rate [74].
Before the measurement of the polarization curve, O2 was purged into the HClO4
electrolyte for 20 minutes until saturation was reached. Then the polarization was
recorded by scanning the voltage from 0.05 V to 1.20 V at the scan rate of 20 mV/s
while the rotator was rotating at the speed of 1600 rpm. The mass activity at 0.9V
of the catalyst measured was calculated based on the equation:

im =

i0.9v · il
(il − i) ∗ LP t

where i0.9V is the current at 0.9 V, il is the limiting current and LP t is the loading
of Pt on the electrode.
The accelerated stress test (AST) of the catalyst durability was carried out by
scanning the voltage between 0.60 V and 1.00 V at the rate of 50 mV/s for desired
number of cycles. CV and polarization before and after AST were also recorded for
comparison.

4.3.6

MEA Fabrication and Test

The MEA test is the measurement which is closest to the real operation conditions
of a fuel cell in EVs. There are three steps for MEA fabrication which are membrane
treatment, ink preparation, and spray and hot press.
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Fig. 4.1.: Setup of the RDE test.

Naﬁon membrane was cut to 7.5 cm*7.5cm size for a 5 cm2 MEA test. The Naﬁon
sandwiched between the two protective ﬁlms was peeled oﬀ and transferred into a 1000
mL beaker. The peeled oﬀ Naﬁon sheets were held on the bottom of the beaker by
a PTEM coated magnetic stirring bar. 500 mL 3 wt.% H2 O2 aqueous solution was
then added into the beaker and the membrane sheets were boiled for one hour. The
Naﬁon membrane sheets were then washed by DI water and boiled with DI water
for another one hour using the same approach. Similarly, the membrane sheets were
then boiled in 1.0 M H2 SO4 and DI water and ﬁnally cleaned and immersed in DI
water for storage. To dry the Naﬁon membrane, a vacuum hot plate and a piece of
rubber sheet were used. (No wool brush or Kimwipes used to wash the surface hot
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plate surface.) The wet Naﬁon membrane sheets were carefully placed on the vacuum
hot plate. The Naﬁon membrane sheets were covered with a PTFE coated rubber
to ensure that no wrinkles formed. Then the vacuum pump was turned on and the
membrane was dried at 60 ◦ C for 2 hours. After the hot plate was cooled to room
temperature, the vacuum pump was turned oﬀ. Naﬁon membrane sheets were then
carefully peeled oﬀ and transferred to a plastic bag for use.
The ink preparation process was similar to RDE test. For the 0.1 mg of Pt/cm2
loading MEA ink, 4.75 mg 30 wt.% Pt/C catalyst was transferred into an 8-ml vial
followed by the addition of 37 µL of 5 wt.% Naﬁon dispersion and 1.6 mL of 20 vol.%
IPA aqueous solution. The ink was then ultrasonicated by sonic dismembrator for 4
minutes and a uniform catalyst ink was formed.
The ink was then sprayed on the pre-treated Naﬁon membrane. The illustration of
the spraying process of the MEA is shown in the ﬁgure below. The pre-treated Naﬁon
membrane was laid on the vacuum hot plate and covered with a PTFE coated rubber
with a 5 cm2 window on it. The pump was turned on and heated to 70 ◦ C so that
the ink sprayed on the membrane could be dried soon. Then the prepared ink was
transferred to an air brush and sprayed on the membrane in parallel patterns and a
uniform catalyst layer was formed. After the catalyst layer was fully dried, the pump
was turned oﬀ and the membrane was peeled oﬀ from the rubber carefully. Another
catalyst layer was sprayed on the other side of the membrane after the sprayed catalyst
layer was aligned with the window well. After the membrane was dried, the anode
and cathode were marked and the membrane was transferred to a plastic bag for
use. To prepare for the hot press, two decals were made by sandwiching a piece of
PTFE coated rubber between two pieces of PTFE tape. The hot press plates were
pre-heated to 135 ◦ C and then the MEA sandwiched between two decals was placed
between two ﬂat stainless-steel plates. The whole assembly was then inserted between
two hot press plates and the stainless-steel plates were touched with the upper hot
press plate without any pressure. When the temperature of the upper hot plate was
increased to 135 ◦ C, 500 psi pressure was applied onto the MEA for 90 seconds. The
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MEA was then cooled to room temperature with heavy loading placed on top of the
stainless-steel plates. After cooling to room temperature, the MEA could be used in
the fuel cell test.

Fig. 4.2.: Illustration of the MEA spraying process.

4.3.7

Characterization

X-ray diﬀractometer was used to characterize the phase composition of the synthesized catalyst. With the help of Scherrers equation, the average particle can be
calculated based on the full width at half maximum (FWHM) and the diﬀraction
angle for the characteristic peaks. Thermogravimetric analysis (TGA) was used to
determine the actual Pt loading on the carbon support. The morphology, particle
size and size distribution of diﬀerent catalysts were characterized by a transmission
electron microscope (Tecnai G2, FEI).
The ASTs of diﬀerent catalysts were characterized using both RDE and MEA
test. The protocol for the RDE test has been discussed in the previous section. The
begin of life (BOL) and end of life (EOL) performances of the MEAs were tested on
a fuel cell test station. High purity H2 and O2 were fed into the anode and cathode
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chambers at the rate of 200 sccm and 400 sccm, respectively. 10 psig back-pressure
was applied on both cathode and anode. Voltage-current polarization (V-I) curves
were collected for BOL and EOL from the open circuit voltage (OCV) to the limiting
current density. ASTs were carried out from 1.0 V and 1.5 V at the rate of 500 mV/s
for the support durability test and from 0.6 V to 1.0 V at the rate of 50 mV/s for the
catalyst durability test.

4.4

Result and Discussion

4.4.1

Results for Pt/graphene

To increase the durability of the PGM based catalyst support, graphene, which is
the highest graphitic structured carbon, is used to replace XC72 carbon in commercial
catalyst.
The TGA curves of GO, Pt/XC72 and Pt/graphene catalysts were collected from
80 ◦ C to 700 ◦ C (ﬁgure.4.3) under constant air ﬂow. Two distinct weight loss steps
can be observed for GO. In the temperature region below 180 ◦ C, the weight loss
is the result of the removal of the oxygen-containing groups on GO. In the temperature between 180 ◦ C and 580 ◦ C, there is another 60% major weight loss for GO,
which corresponds to the further thermal decomposition of the graphene and the
oxygen-containing functional groups. However, no major weight loss can be observed
below 180 ◦ C for the Pt/graphene catalyst, which indicates that most of the oxygencontaining groups on GO are removed during the reduction process. From the TGA
results, the loading of Pt/XC72 and Pt/graphene catalysts are 20 wt.% and 30 wt.%,
respectively. In addition, it can be observed that the full decomposition temperature
of graphene (475 ◦ C) is higher than that of Pt/XC72 (450 ◦ C), which is due to the
better thermal stability of graphene over XC72 carbon black.
X-ray diﬀractometer is used to analyze the crystal structure of Pt/graphene and
Pt/XC72 catalysts. The diﬀraction patterns of both GO and graphene show a typical
feature of a layer structure. The characteristic diﬀraction peaks of GO and graphene
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Fig. 4.3.: TGA curves of GO, Pt/XC72 and Pt/graphene catalyst.

are shown at 12.3

◦

and 24.5 ◦ , respectively. After being fully reduced to graphene,

the GO peak disappears and is replaced by the graphene peak, which indicates the
full reduction of GO. The characteristic diﬀraction peaks of Pt (111), (200) and (220)
facets can be clearly seen in the diﬀraction pattern of both Pt/graphene and Pt/XC72
catalysts which indicates the successfully reduction of the H2 PtCl6 to Pt. According
to Scherrers equation, the grain diameter of Pt nanoparticles on graphene nanosheets
can be calculated to be 2.3 nm for both Pt/XC72 and Pt/graphene catalysts based
on the Pt (220) diﬀraction peak. The identical diﬀraction patterns of Pt/XC72 and
Pt/graphene catalysts indicates the crystal structure of Pt on both catalyst supports
are the same.
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Fig. 4.4.: XRD patterns of (a) graphene/GO and (b) Pt/XC72 and Pt/graphene
catalysts.

To compare the stability of XC72 and graphene, TEM images of Pt/XC72 and
Pt/graphene are taken before and after 6000 cycles of RDE catalyst durability AST
test. It can be seen from the TEM image that Pt nanoparticles are successfully
deposited on graphene 200 randomly selected particles are measured for the particle
size distribution. The histogram of particle size distribution shows that the average
diameter of Pt nanoparticles on the graphene nanosheet is 3.8, which is slightly bigger
than that on XC72 carbon black (2.7 nm).
After 6000 cycles of AST test, Pt nanoparticles on XC72 start to migrate and
form larger particles. As can be seen in ﬁgure 4.6c, in the red circles, initially spherical Pt nanoparticles forms rod-like particles. However, Pt nanoparticles on graphene
nanosheets show similar geometry compared to the one before AST cycles. Similar
observation can also be found form the corresponding particle size distribution histograms. It can be found that after AST cycles, the diameter of Pt nanoparticles on
XC72 increases 102% (from 2.7 nm to 5.5 nm), however the increase of the diameter
of Pt nanoparticles on graphene nanosheets is only 54% (from 3.8 nm to 5.8 nm).
Under the same cycling condition, the corrosion for Pt on diﬀerent supports should
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Fig. 4.5.: TEM image and corresponding Pt particle size distribution of (a)
Pt/XC72 catalyst, (b) Pt/graphene catalyst before AST.

be the same. The diﬀerent degree of corrosion which is observed has to be related
to the carbon structure. Due to the highly graphitic structure, graphene nanosheets
are more stable upon cycling, however carbon black is amorphous so the carbon is
corroded during the cycling. As a result of the surface corrosion of XC72, Pt nanoparticles which reside on it as a support will start to migrate and aggregate signiﬁcantly.
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Based on the TEM observation, it can be concluded that graphene is more stable
than XC72 as a catalyst support under AST cycling.

Fig. 4.6.: TEM image and corresponding Pt particle size distribution of (a)
Pt/XC72 catalyst, (b) Pt/graphene catalyst after AST.

Pt/graphene and Pt/XC72 catalysts were ﬁrst evaluated by RDE tests. Two
distinct hydrogen adsorption/desorption peaks can be found at 0.14 V and 0.22
V for both Pt/XC72 and Pt/graphene, which correspond to the hydrogen absorption/desorption on Pt (111) and Pt (100) facets, respectively. The 2-D nature of
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graphene makes it easy to restack. The restacking of the graphene nanosheet will
cover part of the Pt nanoparticles and prevent diﬀusion, which makes the hydrogen adsorption/desorption peaks weaker compared to the ones in Pt/XC72. On
the other hand, the double layer charging capacitance of Pt/graphene catalyst is
much higher than that of Pt/XC72, which is the result of the higher surface area of
the graphene nanosheets. According to the BET result, the speciﬁc surface area of
graphene nanosheets is 454 m2 /g, which is much higher than that of XC72 carbon
black (248 m2 /g). The ECSA of Pt/graphene catalyst is calculated to be 35 m2 /gPt,
which is smaller than the Pt/XC72 catalyst (65 m2 /gPt). The lower ECSA of the
Pt/graphene catalyst is also caused by the restacking of the graphene nanosheets,
which covers part of the available Pt. The polarization curves of these two catalysts
were collected by RDE in O2 -saturated H2 SO4 electrolyte. The mass activities of
these two catalysts at 0.9 V potential are calculated by KouteckyLevich equation
[62]. The mass activity of Pt/graphene is 35 mA/mgPt, which is slightly lower than
that of Pt/XC72 (45 mA/mgPt). Again, the lower mass activity of Pt/graphene is
also due to the restacking of graphene nanosheets, which block part of the electrochemical active reaction sites on Pt nanoparticles and make this portion of the Pt
nanoparticles not accessible to the ORR process in the test.
To characterize the stability of Pt/XC72 and Pt/graphene catalysts, AST measurements were carried out for these two catalysts. The AST cycles were scanned
between 1.0 V and 1.6 V at the rate of 100 mV/s in N2 -saturated 0.09 M H2 SO4
electrolyte. It can be seen from ﬁgure 4.8 that the hydrogen adsorption for Pt/XC72
decreases signiﬁcantly which indicates the fast decay of the ECSA. However, the CV
curve of the Pt/graphene catalyst, after diﬀerent AST scans, does not change too
much, which indicates that graphene support, which is more stable against carbon
corrosion, can help to increase the stability of the PEMFC catalysts.
ECSA retention and double layer capacitance increment are two parameters that
can characterize the corrosion of the catalysts. ECSA of Pt/XC72 and Pt/graphene
catalysts both decrease during AST cycling, however, the decay rate of Pt/XC72 is
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Fig. 4.7.: (a) CV curves of Pt/XC72 and Pt/graphene; (b) polarization curves of
Pt/XC72 and Pt/graphen.

Fig. 4.8.: AST of (a) Pt/XC72 and (b) Pt/graphene.

much faster than that of the Pt/graphene catalyst. It can be calculated that the decay
rate of Pt/XC72 is 12.4% per cycle, which is much higher than that of the Pt/graphene
catalyst (1.7% per 1000 cycles). After the corrosion of the catalyst support, the Pt
nanoparticles will start to migrate and aggregate, which will cause a decrease in the
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ECSA. The double layer capacitance is calculated by the integration of the CV curve
between 0.40 V and 0.45 V and then divided by the scan rate which is 0.05 V/s [75].
The double layer capacitance is directly corelated to the speciﬁc area of the catalyst.
The double layer capacitance increments of Pt/XC72 and Pt/graphene catalysts are
calculated and plotted in ﬁgure 4.9b. The double layer capacitance increment of
Pt/XC72 is calculated to be 20% after 6000 AST cycles which is much larger than
that of the Pt/graphene catalyst (4.1%). The carbon corrosion will make the surface
of the catalyst become rough, thus the double layer capacitance will increase. The
smaller increment of the double layer capacitance of the Pt/graphene catalyst is an
indication that Pt/graphene is more stable compared to Pt/XC72 catalyst under AST
cycling.

Fig. 4.9.: (a) ECSA retention and (b) double layer capacitance increment of
Pt/XC72 and Pt/graphene catalysts during AST cycling.

H2 /O2 MEA performance was investigated with Pt/XC72 and Pt/graphene cathodes with 0.1 mgPt/cm2 loading. In the case of Pt/graphene, super P carbon black
was introduced into the cathode catalyst layer as spacers to alleviate the restacking
issue of the graphene sheets [45]. Figure 4.10 shows the plotting of the IV polarization curves with both catalysts before and after the ASTs that were carried out
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through sweeping from 1.0 V to 1.5 V for 5000 cycles. Although the initial mass
activity of Pt/XC72 (138.9 mA/mgPt) at a cell voltage of 0.9 V was higher than that
of Pt/graphene (59.9 mA/mgPt), it was decreased by 59.4% on Pt/XC72, whereas
the Pt/graphene still maintained 77.3% of its initial mass activity. Furthermore,
the current density at a cell voltage of 0.6 V decreased from 1600 mA/cm2 to 309
mA/cm2 (19.3% retention) and from 901 mA/cm2 to 483 mA/cm2 (53.6% retention)
on Pt/XC72 and Pt/graphene, respectively, during the ASTs. The better AST performance of the Pt/graphene cathode using the MEA can be largely credited to the
better corrosion resistance of the graphene supports, which provide better bonding
strength between graphene sheets and Pt nanoparticles, thereby hindering the coalescence/agglomeration and detachment of Pt nanoparticles. Meanwhile, the surface
morphology change due to electrochemical degradation of carbon supports will possibly weaken the interaction between the support and the Naﬁon ionomer network,
which adversely aﬀects the proton transfer within the catalyst layer. The degradation
of the Naﬁon ionomer during the ADT testing certainly will aﬀect MEA performance
as the proton conductivity would decrease within the catalyst layer due to the decomposition of Naﬁon ionomer. On the other hand, in an MEA conﬁguration, the carbon
corrosion will cause increased hydrophilicity within the pores of a catalyst layer due
to the produced hydrophilic groups (i.e. ketone and phenyl groups) [76, 77], hence
these pores are ﬁlled with water and the gas reactant transport is severely hindered.
Furthermore, retaining water in the catalyst layer would induce the swelling of Naﬁon
ionomer, which further hinders the O2 diﬀusion within the catalyst layer. The steep
decrease of the current density as the cell voltage decreases (i.e <0.60 V) is named
ﬂooding. It is noted that the MEA of the Pt/XC72 cathode might be subjected to
more severe ﬂooding than that of the Pt/Graphene after 5000 AST cycles.
Tafel plot can be also plotted using iR-free curves where the cell voltage is higher
than 0.8 V (the kinetic controlled region) [62]. It is shown in the ﬁgures below that
the Tafel slopes for both Pt/G (58 mV/dec) and Pt/V (65 mV/dec) are comparable
at BOL, suggesting that the reaction rate of ORR is similar and the ORR on both
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Fig. 4.10.: MEA performance of (a) Pt/XC72 and (b) Pt/graphene before and after
AST cycling.

catalysts is a kinetic controlled process. After AST, the increased Tafel slopes are
observed for both supports, respectively. This is because the carbon corrosion makes
the surfaces of both carbon black and graphene supports more hydrophilic due to
the produced functional groups from the corrosion. Hence, more water molecules are
retained within the catalyst layer which hinders the diﬀusion of O2 . However, the
smaller change on Tafel slope for graphene supported catalyst (34.48% vs. 44.62%
=XC72 vs. Graphene) after AST suggests that graphene supports have much better
stability than carbon black. The Tafel slope changes of Pt/XC72 and Pt/Grphene indicate that the graphene sheet can eﬀectively anchor the Pt nanoparticles, preventing
them from agglomeration.
The durability of Pt/graphene and Pt/XC72 is tested on both RDE and MEA to
study the stability of diﬀerent carbon supports following the harsh AST protocols (1.0
to 1.6 V, 6000 cycles). TEMs of Pt/XC72 and Pt/graphene characterized before and
after ASTs show that the Pt nanoparticles on XC72 experience more severe agglomeration and detachment from carbon supports than the Pt nanoparticles on graphene.
This is believed to be due to the corrosion of XC72, which weakens its interaction
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Fig. 4.11.: Tafel of (a) Pt/XC72 and (b) Pt/graphene catalysts for BOL and EOL
under MEA test.

with the supported Pt nanoparticles. AST results show that the ECSA retention for
the Pt/graphene is 90.1%, which is much higher than that of the Pt/XC72 (26.2%
retention). In addition, the double layer capacitance for the Pt/XC72 catalyst increases by 20.0%, which is also larger than that of the Pt/graphene catalyst (4.1%).
Furthermore, during the ASTs performed in H2 /O2 PEMFCs, the MEAs presented
a slower decay with Pt/graphene cathode catalysts, where 53.6% of the initial current density is maintained at the cell voltage of 0.6 V, while it drops to 19.3% with
Pt/XC72 cathode. All the characterizations above prove that graphene is more stable
as a catalyst support when compared with XC72 carbon black.

4.4.2

Results of Pt/FCB

Replacing XC72 carbon black with graphene can improve the stability of the catalyst, however low mass activity is also one of the disadvantages of current Pt/C
catalyst for PEMFCs. To overcome this weakness, surface functionalization was applied so that the mass activity of Pt/C catalyst can be improved. NH2 - function
groups are used in this work to improve the mass activity of XC72.

89
TGA was also used to determine the loading of Pt on each catalyst and compare
the mass loss behavior of these two catalysts. Two weight loss processes can be
observed on Pt/NH2 -XC72. The ﬁrst weight loss step (20 wt.%) before 400 ◦ C is the
decomposition of the function groups on the surfaces of carbon black and the second
weight loss process corresponds to the burning of carbon black. From the TGA curve,
the loading of Pt on NH2 -XC72 can be determined to be 30.0%. Pt/XC72 has a 10%
weight loss before 400 ◦ C which is believed to correspond with the decomposition of
the oxygen containing group on carbon black due to the complexity of XC72 carbon
black. The Pt loading on XC72 is also determined to be 30.0 wt.%. The more weight
loss of Pt/NH2 -XC72 in the ﬁrst weigh loss step indicates the successful grafting of
NH2 function groups on carbon black.

Fig. 4.12.: TGA curves of Pt/XC72 and Pt/NH2 -XC72.
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The XRD results of both Pt/XC72 and Pt/NH2 -XC72 catalysts are shown in ﬁgure 4.13. Both diﬀraction patterns have identical peak positions, which indicates that
Pt nanoparticles in both catalysts have the same crystal structure. As can be seen
in ﬁgure 4.13, the characteristic diﬀraction peaks at 2θ = 39.7 ◦ , 46.2 ◦ , 67.8

◦

and

81.3 ◦ correspond to Pt (111), (200), (220) and (311), respectively, which reveals that
PtCl6 2− was successfully reduced to Pt. The average Pt particle size can be calculated by Debye-Scherrer formula based on the Pt (220) peak. The average diameter
of Pt nanoparticles on XC72 and NH2 -XC72 are calculated to be 3.17 and 2.00 nm,
respectively. The smaller Pt particle size will yield a higher active Pt surface area,
which will enhance the activity of Pt/NH2 -XC72 catalyst. The smaller particle size of
Pt on NH2 -XC72 is due to the uniform surface chemistry. The uniformly distributed
NH2 functional groups, which carry opposite surface charges to the PtCl6 2− precursor. The electrostatic force will help to anchor the Pt nuclei and preventthem from
agglomerating.
TEM was used to compare the morphology of Pt nanoparticles on NH2 -XC72 and
XC72. A signiﬁcant diﬀerence can be observed when comparing Pt/NH2 -XC72 and
Pt/XC72 catalysts. Figure 4.14 shows the typical Pt distributions of both catalysts.
By comparing ﬁgure 4.14a and 4.14b, it can be easily seen that the distribution of Pt
is more uniform on NH2 -XC72 than XC72. The particle size distribution histograms
(ﬁgure 4.13c) are measured over 500 randomly picked Pt particles. The average
particle size of Pt nanoparticles on XC72 and NH2 -XC72 are calculated to be 4.47
nm and 2.98 nm. This observation which Pt nanoparticles are smaller on NH2 -XC72
than XC72 is consistent with the result from XRD. The more uniform distribution
and smaller Pt particle size is attributed to the surface functionalization. After NH2
functional groups were grafted on the surface of carbon black, the complicated surface
chemistry is altered. According to our previous study [47], NH2 function groups can
uniformly cover the whole surface of a carbon black particle which creates a more
uniform surface chemistry for Pt nanoparticles to nucleate and grow. With the control
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Fig. 4.13.: X-ray diﬀraction patterns of Pt/XC72 and Pt/NH2 -XC72.

of NH2 function groups, Pt nanoparticles nucleate more uniform and the particle size
is also controlled.
The pore structure of a catalyst layer is very important for MEA performance.
Mercury intrusion porosimetry (MIP) was used to characterize the pore structure of
the catalyst layers made of Pt/XC72 and Pt/NH2 -XC72 catalysts. Before the MIP
is carried out, Pt/XC72 and Pt/NH2 -XC72 catalyst inks were prepared following the
same recipe as the MEA test and sprayed on 0.3 mil PTFE thin ﬁlm. The decals were
then hot pressed and measured by MIP. As can be seen in ﬁgure 4.15, the majority
of pores in Pt/XC72 are located in the 20-nm to 30-nm region, however, the majority
pores of Pt/NH2 -XC72 catalyst are located in the 100-nm region. The bigger pores in
the Pt/NH2 -XC72 can help to provide oxygen diﬀusion into the catalyst layer so that
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Fig. 4.14.: TEM images of 30 wt.% Pt/NH2 -XC72 and 30 wt.% Pt/XC72 catalysts.

the performance can be improved. However, without larger pores, oxygen molecules
are diﬃcult to diﬀuse into the catalyst layers to reach the three-phase interface and
react with protons which are transported from the anode during the ORR process.
The RDE test was performed to determine the intrinsic electrocatalytic activity
of the catalyst. The RDE test results of both catalysts are shown in ﬁgure 4.16.
The CV curves of both Pt/XC72 and Pt/NH2 -XC72 in ﬁgure 4.16a show identical
hydrogen absorption peaks at 0.14 V and 0.22 V, which correspond to the Pt [111]
and [100] facets, respectively. ECSA of both catalysts can be calculated based on the
integration of the hydrogen absorption peak after double layer charging correction
[74]. Pt/NH2 -XC72 catalyst shows a larger hydrogen absorption peak, which yields a
higher ECSA (74.32 m2 /g Pt) than the Pt/XC72 catalyst (55.27 m2 /g Pt). The reason
for the higher ECSA of Pt/NH2 -XC72 can be found from the previous discussion of
the XRD and TEM results. As mentioned before, covered by NH2 function groups,
the surface of carbon black particles is more uniform, which will help to control the
size and distribution of Pt nanoparticles. Small particle size and uniform distribution
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Fig. 4.15.: MIP pore size distribution of catalyst layers made of Pt/XC72 and
Pt/NH2 -XC72.

of Pt will provide more active catalytic sites for the absorption of hydrogen, thus the
ECSA will be increased. The polarization curves (ﬁgure 4.16b) of both catalysts for
the ORR process in O2 saturated 0.1 M H2 ClO4 electrolyte were measured on RDE
at the rotating rate of 1600 rpms to exclude the inﬂuence of O2 diﬀusion through the
thin catalyst layer. Koutecky-Levich formula is used to calculate the ORR activity of
both catalysts at 0.9 V vs. RHE. The mass activity and speciﬁc activity of Pt/NH2 XC72 catalyst and Pt/XC72 catalysts can be calculated from ﬁgure 4.16a and 4.16b.
It is calculated that the mass activity of Pt/NH2 -XC72 is 293 mA/mg Pt which is
53% higher than Pt/XC72 (192 mA/mgPt). The speciﬁc activity of Pt/NH2 -XC72 is
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calculated to be 394 µA/cm2 Pt which is 14% higher than Pt/XC72 (347 µA/cm2 Pt).
The result of the ORR mass activity is consistent with the ECSA result. The smaller
particle size and more uniform distribution of Pt nanoparticles will expose more
catalytic reaction sites, thus enhancing the mass activity of Pt/NH2 -XC72 catalyst.

Fig. 4.16.: (a) CV and (b) ORR polarization curves of Pt/XC72 and Pt/NH2 -XC72
catalysts.

The BOL MEA performance for Pt/XC72 and Pt/NH2 -XC72 was ﬁrst evaluated
with H2 and O2 as the feeding gas under ambient/150 kPa back-pressure and 200
sccm /400 sccm cathode/anode gas ﬂow without IR corrections. The VIR curves and
the corresponding performance at diﬀerent current densities are shown in ﬁgure 4.17
and table 4.3, respectively. As can be seen from ﬁgure 4.17, Pt/NH2 -XC72 catalyst
yields better performances under both 10 psig back-pressure and ambient conditions
over Pt/XC72 catalyst at both low current density and high current density regions.
The mass activity of Pt/NH2 -XC72 at 0.9 V is 242 mA/mgPt, which is higher than
that of Pt/XC72 (218 mA/mgPt). The higher mass activities measured from the
MEA test agrees well with the RDE test. The higher mass activity of Pt/NH2 XC72 is the result of the smaller particle size and more uniform distribution of Pt
over the catalyst support. Pt/NH2 -XC72 also shows a better high current density
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performance over Pt/XC72 which is summarized in table 4.3. The cell potential
at 1.0 A/cm2 current density for Pt/NH2 -XC72 is 671 mV, which is 36 mV higher
than the Pt/XC72 catalyst (635 mV). 48 mV and 70 mV higher voltages can also
be observed on Pt/NH2 -XC72 over Pt/XC72 at 1.5 A/cm2 and 2.0 A/cm2 current
density. The high current density performance diﬀerence between the two catalysts
under ambient condition is more signiﬁcant. Pt/NH2 -XC72 still maintains a 498 mV
potential at 2.0 A/cm2 current density, which the Pt/XC72 catalyst cannot even
reach. The better high current density performance is contributed by the large pores
in Pt/NH2 -XC72 catalyst. As proved by the MIP results, the Pt/NH2 -XC72 catalyst
has more, large pores than Pt/XC72 which can facilitate the diﬀusion of the oxygen.

Fig. 4.17.: VIR polarization curves of Pt/XC72 and Pt/NH2 -XC72 catalyst with
H2 /O2 as feeding gases under 200 sccm/400 sccm anode/cathode ﬂow rate and (a)
10 psig and (b) ambient back pressure.

The CV scan is also carried out in the MEA test with the same scanning setup
as the RDE test. Pt (111) and Pt (100) adsorption/desorption peaks can still be
observed. The ECSA of two catalysts were also calculated using the same method.
The ECSA of Pt/NH2 -XC72 is calculated to be 75.9 m2 /g which is much higher than
that of Pt/XC72 (41.3 m2 /g). The higher ECSA of Pt/NH2 -XC72 is attributed to
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the smaller size and more uniform distribution of Pt nanoparticles over NH2 -XC72.
Higher ECSA will provide more active reaction sites for the ORR process.

Fig. 4.18.: CV scan of Pt/XC72 and Pt/NH2 -XC72 from MEA measurement.

The better pore structure of Pt/NH2 -XC72 will also improve its performance
under the H2 /Air testing condition (ﬁgure 4.19). The performance of Pt/NH2 -XC72
is better than that of the Pt/XC72 catalyst not only under H2 /O2 condition but also
under H2 /air condition. The cell voltage at 1.0 A/cm2 current density for Pt/NH2 XC72 is 592 mV, which is 63 mV higher than Pt/XC72. The better high current
density performance of Pt/NH2 -XC72 catalyst in air is also due to the better pore
structure, which helps to improve the O2 diﬀusion.
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Fig. 4.19.: VIR polarization curves of Pt/XC72 and Pt/NH2 -XC72 catalyst with
H2 /Air as feeding gases under 200 sccm/400 sccm anode/cathode ﬂow rate and (a)
10 psig and (b) ambient back pressure.

The oxygen diﬀusion resistance can be roughly estimated from the diﬀerence between the theoretic kinetic voltage (iR and mass transport free) and iR free voltage [73]. Based on the VIR polarization curve of both catalysts with H2 /O2 as feeding
gases under 200 sccm/400 sccm anode/cathode ﬂow rate and 10 psig back-pressure,
the mass transport resistance curves are plotted in ﬁgure 4.20. The mass transport
resistance of these two catalysts are close at low current density regions and both
increase linearly. However, when the current density is higher than 2.0 A/cm2 , the
mass transport resistance of Pt/XC72 increase signiﬁcantly, which indicates that O2
cannot easily diﬀuse into the small pores in the catalyst layer to provide enough reactant for ORR. In contrast, the mass transport resistance curve still keeps increasing
linearly. The large pores provide a path for oxygen to suﬃciently diﬀuse into the
whole catalyst layer and provide enough reaction to support the high current density
ORR process of Pt/NH2 -XC72.
Based on the above analysis, NH2 functional groups on the surface of XC72 carbon
black can help to improve the mass activity of the PGM catalyst. Surface functional-
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Fig. 4.20.: Diﬀusion resistance of Pt/XC72 and Pt/NH2 -XC72.

Table 4.4.: MEA performance of Pt/XC72 and Pt/NH2 -XC72 catalysts under H2 /Air
condition.
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ization of XC72 carbon black was realized using the diazonium reaction. The grafting
of NH2 function groups on surface of carbon black will create a more uniform surface
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chemistry environment. TEM shows that the distribution of Pt on NH2 -XC72 is more
uniform than XC72. The smaller Pt nanoparticles sizes are also observed on NH2 XC72 by both TEM and XRD characterization. MIP pore size distribution shows that
the catalyst layer made of Pt/NH2 -XC72 has more, large pores which can facilitate
the oxygen diﬀusion. Both RDE and MEA tests show that the Pt/NH2 -XC72 catalyst
has a higher activity than Pt/XC72. Introducing NH2 functional groups uniformly
on the carbon black surface will consequently provide a smaller Pt nanoparticle size.
With smaller particles sizes, the number of active reaction sites is increased which can
be seen from the higher ECSA of Pt/NH2 -XC72 over Pt/XC72, therefore the ORR
activity will also be enhanced. In addition, the larger pores in the catalyst layer of
Pt/NH2 -XC72 catalyst will also help to improve the diﬀusion of oxygen molecules so
that the high current density MEA performance can be enhanced. This reported high
ECSA and high activity Pt/NH2 -XC72 can be potentially used as a catalyst for next
generation PEMFCs.

4.4.3

Results of Pt/FG

Although graphene has a high stability against carbon corrosion as a catalyst
support, the high hydrophobicity and restacking issues hinder its application. To
resolve these issues, surface functionalization was applied to better disperse graphene
into water-based solvent. The addition of spacers will help to prevent the restacking
of graphene sheets and improve the mass activity of the catalyst. SO3 H function
groups and NH2 function groups are used to modify the graphene support and are
studied in detail in this work.
X-ray photoelectron spectroscopy is used to analyze the surface chemistry of
Pt/graphene, Pt/SO3 H-graphene and Pt/NH2 -graphene. As can be seen in the XPS
element survey (ﬁgure 4.20), the peaks appear at 79.1 eV on all curves are attributed
to Pt 4f signal. N 1s signal at 399.9 eV and S 2s/2p signals at 231.9 eV and 168.0
eV indicate the successful surface functionalization of NH2 and SO3 H function groups
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on graphene support. The surface atomic percentage of SO3 H (1.3 atom%) and NH2
(5.7 atom%) function groups are also given by XPS.

Fig. 4.21.: XPS survey of Pt/graphene, Pt/SO3 H-graphene and Pt/NH2 -graphene.

The functionality of graphene will also introduce an interaction between the Pt
nanoparticles and the functional groups grafted on the graphene sheets. XANES of
Pt L3 edge was also used to study such an interaction because of its sensitivity to local
environment change. The XANES and corresponding derivative plots are shown in
ﬁgure 4.22. Shifts can be observed when Pt/NH2 -graphene and Pt/SO3 H-graphene
are compared with Pt/graphene. A -1.6 eV edge shift of Pt/NH2 -graphene and a
+0.8 eV shift of Pt/SO3 H-graphene compared to Pt/graphene can be seen from the
derivative plot of the XANES spectra. Negative edge shift and positive edge shift
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correspond to the decreasing and increasing of the electron density of Pt. The lower
oxidation state of Pt nanoparticles on NH2 -graphene is due to the higher electron
density which is caused by the extra electrons shared by the nearby NH2 function
groups. Similarly, the higher oxidation state of Pt nanoparticles on SO3 H-graphene
is attributed to the lower electron density, which is caused by electrons drawn by
the SO3 H function groups. Such interactions will inﬂuence the performance of the
catalysts.

Fig. 4.22.: XANES and the corresponding derivitive spectra of diﬀerent catalysts.

To study the durability of Pt/graphene, Pt/NH2 -graphene and Pt/SO3 H-graphene,
AST was also carried out by RDE tests in 0.1 M HClO4 electrolyte. ASTs are performed by the triangle wave sweep between 0.6 V and 1.0 V at the scan rate of 100
mV/s. The CV scans and corresponding ORR polarization curves are recorded before
and after ASTs to compare the stability of diﬀerent catalysts. Although graphene
has been discussed in the previous section to be a stable catalyst support, signiﬁcant
ECSA and mass activity drop still can be observed after 20000 cycles. The initial
ECSA for Pt/graphene catalyst is calculated to be 42.1 m2 /gPt based on the hydrogen adsorption/desorption peaks. However, after 20000 cycles, 37.5% ECSA has been
lost. Since we have found that graphene is a stable catalyst support, the loss of the
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ECSA should be attributed to the migration and agglomeration of Pt nanoparticles.
Not only ECSA but also half-wave potential has been found to decrease by 53 mV
for Pt/graphene catalyst which further conﬁrms our hypothesis. When comparing
the ECSA of Pt/SO3 H-graphene with Pt/graphene, the ECSA of Pt/SO3 H-graphene
is higher (55.1 m2 /gPt). The surface functionalization can help to increase the hydrophilicity of graphene which makes it disperse much easier in a water-based solvent
so that more Pt nanoparticles can be prevented from restacking. Due to the SO3 H
functionalization, the mass activity of Pt/SO3 H-graphene is also increased. The surface functionalization increases the stability of the catalyst, which can be observed
from ﬁgure 4.23c and 4.23d. The ECSA decreases to 50.3 m2 /gPt and the half-wave
potential decreases by 27 mV after 20000 cycles. The enhancement of the catalyst
stability is also a result of the surface functionalization. Pt nanoparticles on the ﬂat
surface of graphene easily migrate and aggregate without any barrier. However, after
the uniform grafting of SO3 H function groups, Pt nanoparticles will be anchored on
the graphene sheets by the electrostatic force between Pt nanoparticles and SO3 H
functional groups to prevent the surface migration, which helps to improve the stability of Pt/SO3 H-graphene catalyst in the AST cycling. Similar results can also be
observed in the Pt/NH2 -graphene catalyst (ﬁgure 4.23e and 4.23f). The initial ECSA
of the Pt/NH2 -graphene catalyst is 53 m2 /g which is also higher than that of the
Pt/graphene catalyst. After 20000 cycles of AST, the ECSA drops to 53 m2 /gPt and
the half-wave potential for ORR decreases by only 10 mV. The better stability of
Pt/NH2 -graphene is also due to the anchoring eﬀect of the NH2 functional groups on
the Pt nanoparticles to prevent it from migration and agglomeration.
The mass activity of diﬀerent catalysts before and after AST was also calculated and shown in ﬁgure 4.24. Pt/NH2 -graphene catalyst has the highest mass
activity (172.1 mA/mgPt) at 0.9 V compared to Pt/graphene (115.9 mA/mgPt) and
Pt/SO3 H-graphene (157.6 mA/mgPt). The higher mass activity of Pt/FG is due to
the better dispersion in the water-based solvent, which prevents the restacking of the
graphene sheets and exposes more Pt nanoparticles. In addition, the smaller size and

104

Fig. 4.23.: CV scans and corresponding ORR polarization curves before and after
ASTs for (a,b) Pt/graphene, (c,d) Pt/SO3 H-graphene and (e,f) Pt/NH2 -graphene
catalysts.
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more uniform distribution of Pt nanoparticles on the catalyst support also help to
increase the mass activity. Furthermore, the reason for the higher mass activity of the
Pt/NH2 -graphene catalyst over the Pt/SO3 H-graphene catalyst relates to the analysis
of the XANES results in the previous discussion. A diﬀerent electron density around
Pt nanoparticles has been found by XANES, which contributes to the diﬀerence in
the mass activity of these two catalysts supported on graphene with diﬀerent functional groups. The higher electron density will facilitate the ORR process and yield
a higher mass activity. After 20000 cycles of AST, the mass activity of Pt/graphene,
Pt/SO3 H-graphene and Pt/NH2 -graphene catalysts drop to 50.5 mA/mgPt, 114.3
mA/mgPt and 142.8 mA/mgPt, respectively. The relative mass activity loss of their
catalysts are calculated to be 56.4%, 27.5% and 17.0%, respectively. The interaction
between NH2 -graphene will also help to enhance the stability in addition to the mass
activity.
The corresponding TEM images of these three catalysts before and after 20000
AST cycles were also taken to study the degradation of the catalysts visually. The
Pt nanoparticles aggregate to form larger particles after 20000 cycles, which can be
observed for the Pt/graphene catalysts. The Pt particle size distribution is plotted
in ﬁgure 4.25c showing that the average diameter of Pt nanoparticles increased from
3.5 nm to 5.6 nm (60% increment). Such a large increase in the particle diameter
is due to the lack of anchoring, which leads to the migration and aggregation of
Pt nanoparticles. Pt nanoparticles on SO3 H-graphene and NH2 -graphene are both
found to be more uniform than that on the graphene support. The function groups
will help the nuclei formed during the nucleating process reside on graphene sheets
uniformly resulting a more uniform and smaller Pt nanoparticle. The distribution of
Pt nanoparticles on SO3 H-graphene and NH2 -graphene are also uniform with 41.7%
(from 2.4 nm to 3.4 nm) and 31.8% (from 2.2 nm to 2.9 nm) diameter increase. A
smaller increase in Pt diameter also indicates that the NH2 functional groups anchor
the Pt nanoparticles better so that the catalyst stability can be increased.
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Fig. 4.24.: Mass activity of the thee catalysts before and after 20000 cycles of ASTs.

The Pt particle migration process was studied in detail using identical-location
TEM (ILTEM). The catalyst samples were deposited on Au TEM grids with coordination numbers so that the particles can be recognized after cycling. The image
of the sample was ﬁrst taken by TEM before the sample grid was electrochemically
cycled between 0.6 V and 1.0 V at the scan rate of 100 mV/s for 1000 cycles. The
TEM image of the samples at the same locations was also taken after the AST cycling to track the motion of the Pt nanoparticles on diﬀerent catalyst supports. When
comparing ﬁgure 4.26a with 4.26b, the distances from two Pt nanoparticles to the
central Pt nanoparticle (in circle 1) which are 5.5 nm and 6.4 nm, respectively, decrease to 3.7 nm and 3.4 nm, respectively. The distance change is a strong evidence
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Fig. 4.25.: TEM images and corresponding Pt particle size distribution of (a,b)
Pt/G, (c,d) Pt/SO3 H-G and (e,f) Pt/NH2 -Ge catalysts before and after 20000 AST
cycles.

of the motion of Pt nanoparticles which is caused by the electrochemical cycling. In
addition, the particles in circle 2 have merged together. However, when observing the
ILTEM results of Pt/SO3 H-graphene and Pt/NH2 -graphene before and after ASTs, a
very small change of Pt nanoparticles can be found. The distance between certain Pt
nanoparticles are marked in the TEM images before and after AST cycling. No major
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Fig. 4.26.: ILTEM result of Pt/graphene, Pt/SO3 H-graphene and Pt/NH2 -graphene
catalyst before and after 1000 AST cycles.

changes can be found in the Pt/SO3 H-graphene and Pt/NH2 -graphene, which indi-
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cates that the functional groups on the surface of graphene will prevent the migration
of Pt nanoparticles so that the stability of the catalyst can be greatly improved.
Based on the electrochemical test and ILTEM characterization, surface functionalization will increase activity of the catalyst by decreasing the size of Pt nanoparticles
and in the meantime, will enhance the stability of the catalyst by immobilizing the
Pt nanoparticles.

4.5

Conclusion
Carbon based PGM catalyst supports are systematically studied in this work. Due

to the highly graphitic structure, graphene has extremely high corrosion resistance
upon electrochemical cycling. TEM shows that Pt nanoparticles on the XC72 support
aggregates more signiﬁcant after AST cycling compared to the Pt nanoparticles on the
graphene support. Both MEA and RDE tests have proved that replacing amorphous
XC72 carbon black can improve the durability of the PEMFC catalyst signiﬁcantly.
It has been proved that the surface functionalization of the catalyst support will
make the distribution of Pt more uniform and the make the Pt nanoparticles smaller.
With a more uniform distribution and smaller Pt nanoparticle size, both MEA and
RDE performance of the catalyst can be improved. More large pores in Pt/NH2 XC72 catalyst layers facilitate the oxygen diﬀusion so that the ORR reaction can
proceed much easier at higher current density. The NH2 surface functionalization
will help to improve the performance of the Pt based catalyst by improving the Pt
distribution, decreasing the average Pt particle size and improving the pore structure
of the catalyst layer.
To improve the mass activity of the graphene-based PGM catalyst, surface functionalization is also applied to the graphene catalyst support. It has been veriﬁed
by ILTEM that the functional groups on the surface of graphene nanosheet help to
stabilize the Pt nanoparticles on it and prevent its migration. In addition, MEA and
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RDE ASTs also show that the PGM catalysts with functionalized catalyst supports
have high stability upon cycling.
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5. DESIGN OF NOVEL CATALYST/IONOMER
INTERFACE
5.1

Abstract
Mass transport plays an important role in a fuel cell that inﬂuence its performance.

In an MEA, protons generated from the anode side are transported to the cathode
side through a proton exchange membrane (Naﬁon membrane). In the cathode catalyst layer, the protons need help from the ionomer matrix to reach the surface of Pt
nanoparticle to react with oxygen. In traditional methods, overdosed Naﬁon ionomer
is added to the catalyst layer so that required proton conductivity can be achieved.
However, the thick ionomer layer will hinder the diﬀusion of oxygen from reaching the
surface of the catalyst. Thus, it is very important to build a good ionomer/catalyst
interface to achieve both high proton conductivity and low oxygen diﬀusion resistance.
XC72 carbon blacks with diﬀerent functionalities have been studied using both cryogenic TEM (cryo-TEM) and ultra-small angel X-ray scattering (USAXS) so that the
interaction between catalyst support and Naﬁon ionomer can be understood. It has
been found that after the addition of Naﬁon ionomer, the particle size of NH2 -XC72
will increase, and the particle size of SO3 H-XC72 stays the same. Negatively charged
Naﬁon ionomer in aqueous solvent will wrap up diﬀerent carbon black particles to
make the aggregate larger. The same charge on SO3 H-XC72 and Naﬁon ionomer will
make them repel each other so that the particle size of SO3 H-XC72 carbon black
does not change. The uniformly grafted NH2 functional groups on the surface of
XC72 will help to align the Naﬁon ionomer to form a uniformly covered thin layer
so that the oxygen diﬀusion can be signiﬁcantly reduced while maintaining a high
proton conductivity.
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To measure the proton conductivity in the catalyst layer, a novel characterization
approach has to be developed. The traditional ionic conductivity measurement is
diﬃcult to separate the ionic conductivity contribution from the Naﬁon membrane;
as a result, the measured proton conductivity in the catalyst layer is not accurate.
Thus, a four-probe design was applied to accurately measure the electronic and proton
conductivity within the catalyst layer. With the help of the novel characterization
method, it is convenient to evaluate the design of the interface within the catalyst
layer.
RDE and MEA tests are also carried out to study the eﬀect of the improved
ionomer/catalyst interface design. It has been found that the MEA and RDE performances of Pt/NH2 -XC72 are much higher than those of Pt/XC72. In addition,
the catalyst layer conductivity also shows that Pt/NH2 -XC72 catalyst layer has a
higher proton conductivity. The thinner and more uniform ionomer ﬁlm will increase
the proton conductivity and decrease the mass transport resistance so that the MEA
performance of the catalyst can be improved.

5.2

Introduction
As discussed in the previous section, the activity of the oxygen reduction reac-

tion (ORR) limits the overall performance of a PEMFC. The mass activity of the
catalyst has been improved by the surface functionalization of the catalyst supports.
Polybenzimidazole has been used to improve both mass activity and durability of the
catalyst for PEMFCs [45].
In the real-operation of a PEMFC, performance is aﬀected by not only the activity of the catalyst but also other factors, such as proton conductivity and oxygen
diﬀusion. In a typical PEMFC, protons generated at the anode side will be transferred to the cathode side through a polymer electrolyte (Naﬁon) membrane. It has
been found that in the cathode catalyst layer of an MEA, the ORR process occurs
at the interface of PGM catalyst, and ionomer matrix [32, 78]. There are two reac-
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tants involved in the ORR: oxygen molecules and protons. To transfer protons to the
surface of the interface, a uniform ionomer layer is needed. In the meantime, oxygen
molecules also need to diﬀuse through the ionomer ﬁlm to reach the surface of Pt
nanoparticles to react with protons. Diﬀerent from proton transfer, ionomer ﬁlm is a
barrier to oxygen diﬀusion. Thus, a thinner ionomer ﬁlm is also need. To promote the
ORR, it is required that the ionomer ﬁlm over catalyst particles are thin enough with
high surface coverage [79]. Thus, the interface between the ionomer and the catalyst
particles is critical to improve the MEA performance. The desired ionomer/catalyst
interface can be formed either in the liquid ink or during the evaporation of the ink to
form a catalyst layer in the MEA fabrication [70, 80]. The ionomer/catalyst interface
is formed more easily in the ink, where the particles can move freely in the solvent.
In addition to the ionomer/catalyst interface, the pore structure of the catalyst layer
also aﬀects the performance of the MEA since a good pore structure will also facilitate
the diﬀusion of oxygen molecules. The ionomer/catalyst interface and the pore structure of the catalyst layer largely depend on the interaction between the two major
components: the Naﬁon ionomer and the catalyst support in an aqueous ink system.
In order to rationally design a good interface, it is important to study the behavior of
catalyst aggregates and Naﬁon ionomer in liquid phase. Understanding the interface
can help us to form a thin and uniform Naﬁon ionomer ﬁlm and uniformly dispersed
catalyst support in the ink so that the MEA performance can be improved.
The dispersion of Naﬁon and its interaction with single-wall carbon nanotubes in
50 vol.% 1-propanol aqueous solution has been studied by Lee et al. [81] It has been
found that alcohol in the solvent disperses the Naﬁon ionomer and prohibits its agglomeration concurrently. Meanwhile, the water content in the solvent also enhances
the interaction between SWCNTs and Naﬁon ionomer. Wood et al. [82] also studied
the ionomer/catalyst interface in the catalyst layer using neutron scattering. It was
found that the ionomer/catalyst structure showed both hydrophilic and hydrophobic
properties which were contributed by the ionomer and catalyst support. As illustrated
in the previous discussion, the functional groups on the catalyst support surface in-
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teracted with Pt nanoparticles. It is also important to study the interaction between
Naﬁon ionomer and functionalized carbon blacks in aqueous solvent. Although the
interface has been studied in other original works, the interaction between catalyst
support and Naﬁon ionomer in the liquid media has not been clearly studied. We have
established a novel method to study the interaction between the Naﬁon ionomer and
Pt/carbon black catalysts using ultra-small angle X-ray scattering (USAXS) coupled
with cryogenic transmission electron microscope (cryo-TEM) [70]. USAXS is a powerful tool to characterize the dimension of an aggregate system in solvent. Cryo-TEM
on the other hand is a useful tool for observing the morphology of the particles which
have been locked in the solvent via vitriﬁcation in order to verify the result from
USAXS. In this work, the USAXS combined cryo-TEM approach is used to characterize the interaction between carbon black/functionalized carbon black and Naﬁon
ionomer. After understanding such an interaction, the factor that enhances the interaction can also be veriﬁed. Naﬁon ionomer carries negative charges on the surface
due to the contribution from SO3 H functional groups attached to its backbone. It
is suggested that diﬀerent functional groups (SO3 H and NH2 ) which carry diﬀerent
charges will interact with Naﬁon ionomer diﬀerently so that the size of carbon black
aggregates will be diﬀerent. USAXS and cryo-TEM can be used to characterize the
aggregate size of carbon blacks and zeta potential can be used to characterize the
surface charge of diﬀerent functionalized carbon blacks.
Another parameter to evaluate the ionomer/catalyst interface is the proton conductivity in the catalyst layer. Traditional test approaches to determine the proton
conductivity in the catalyst layer are complicated and usually diﬃcult to decouple
the proton conductivity contributed by Naﬁon membrane in an MEA [83]. Sabb et
al. [84,85] developed a testing protocol to measure the electronic and ionic conductivity of the catalyst layer while decoupling the proton conductivity contribution from
the Naﬁon membrane. However, the measuring error is too big to be trusted. Based
on his work, we have developed a novel approach to measure the electronic and ionic
conductivity within the catalyst layer that is more reliable and convenient. In this
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work, the conductivity of the catalyst layer made of SO3 H-carbon blacks are measured. SO3 H functional groups are the proton carriers in Naﬁon ionomer. By using
SO3 H carbon black as a catalyst support, it is supposed that the proton conductivity
of the catalyst can be improved and the amount of Naﬁon ionomer in the catalyst
layer can be reduced. With a thinner ionomer ﬁlm, the oxygen diﬀusion barrier can be
greatly reduced so that the high current density MEA performance can be improved.

5.3

Experimental and Characterization
The synthesis of functionalized XC72 carbon black has been discussed in detail in

the previous sections.

5.3.1

Ultra-Small Angle X-ray Scattering (USAXS) Characterization

USAXS characterization was applied to measure the aggregate size of carbon black
particles in the ink systems. Due to the high angular/energy resolution (in the order
of 10−4 ), high dynamic intensity (108 to 109 ), and wide scattering vector range (0.0001
to 1 Å−1 ), USAXS beamline 9ID-C at Advanced Photon Source (APS) was selected
for the USAXS measurement [86, 87].
Based on the elastic scattering theory, a global uniﬁed ﬁtting analysis that includes
Porods law and Guiniers law can be used to explain the USAXS data [72,88–90]. The
Irena package, which is developed by Argonne National Labs, can be used in an
IgorPro based software for the USAXS data ﬁtting. The maximum entropy approach
can be applied to extract the particle size and the size distribution information from
the USAXS data. The large momentum transfer vector q represents the small particles
according to the Braggs law:

d = 2π/q.
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The fractal information of the samples measured by USAXS can be explained by
the Porods law below:

I(q) = Bq −4 ,
where B=2πN(Δρ)2 S. S is the average surface area of the particle that we are
interested in and N is the number density of the measured primary particles in the
scattering volume. The electron density diﬀerence between the background of the
measured sample and the solvent is represented by Δρ in the equation.
A typical scattering curve shows a linear power law region, in which the fractal
information can be derived followed by a knee-like Guinier region which can be used
to derive the particle size information. Guiniers law is shown below:

I(q) = Gi exp(−q 2 Rgi )2/3 ,
where Rgi is the radius of gyration, which represents the primary particle size in
this region, and Gi is the exponential prefactor, which is described Gi =Ni (Δρ)2 vi 2 .
The volume and number density of the primary particles in the Guinier regime are
described as vi and Ni , respectively. The ﬁtting level i in this study should be greater
than one since the carbon black ink is a multi-level aggregate system.
By extrapolating the radius of gyration information from the USAXS data, the
particle size information of the carbon particles in diﬀerent aggregate levels can be
obtained.
In this work, the interaction between Naﬁon ionomer and diﬀerent carbon blacks
is studied by comparing the size change of carbon black aggregates after the addition
of Naﬁon ionomer in the ink systems. Six ink systems are examined by USAXS. The
sample information is shown in table 5.1.
A 20 vol.% isopropanol aqueous solution is used as solvent for all ink systems and
a 5 wt.% Naﬁon ionomer dispersion is used as the ionomer. The total mass fraction
of the Naﬁon ionomer in the solid is set to be 28 wt.%.
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Table 5.1.: Sample information of six ink systems.

Ink system

Abbreviation

XC72

CB

30

10

0

XC72+Naﬁon

CB NF

30

10

28

SO3 H-XC72

SCB

30

10

28

SO3 H-XC72+Naﬁon

SCB NF

30

10

28

NH2 -XC72

NCB

30

10

28

NH2 -XC72+Naﬁon

NCB NF

30

10

28

5.3.2

Carbon black (mg) Solvent (ml)

Naﬁon in solid (wt.%)

Cryogenic Transmission Electron Microscope (Cryo-TEM) Characterization

By using cryo-TEM, the carbon black particles in the ink system can be locked
so that their original morphology in the ink can be directly observed. The same six
ink systems which are studied by USAXS are also characterized by cryo-TEM. To
prepare a cryo-TEM sample grid, a 3.5 µl aliquot of the ink was placed on a 400-mesh
copper grid which was coated by carbon ﬁlm. After the excess ink was blotted with a
ﬁlter paper, the grid was transferred into liquid ethane immediately for vitriﬁcation.
The sample grid was then plugged into the TEM with a Gatan side-entry cryogenic
holder. To prevent beam damage, low beam dosages were applied at 200 eV.

5.3.3

Other Physical Characterizations

A Malvern zetasizer was used to measure the zeta potential of diﬀerent carbon
black samples in the aqueous environment. The Zeta potential information can help
us to measure the surface charge of the carbon black so that the interaction between
carbon black and Naﬁon ionomer can be determined. The zeta potential is calculated
from the electrophoretic mobility by Smoluchowski approximation below:
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µ=

ξV
4πηD

where µ is the electrophoretic mobility, is the solution viscosity,  is the solvent
dielectric constant and D is the electrode separation [91].
Surface energy of diﬀerent carbon blacks were measured by a dynamic vapor
sorption (DVS) system. The surface energy of diﬀerent carbon blacks can help us to
understand the dispersion of these carbon blacks in the solvent and how the dispersion
aﬀects the carbon black particles size in diﬀerent ink systems.
X-ray photoelectron spectroscopy (XPS) was also used to characterize the surface
chemistry environment of three carbon blacks.

5.3.4

Conductivity Test of the Catalyst Layers

Catalyst layer made of XC72 carbon black, EC300 carbon black, EC600 carbon
black, SO3 H functionalized XC72, SO3 H functionalized EC300 and SO3 H functionalized EC600 were used as examples to see the eﬀect of the surface functionalization
on the conductivity of the catalyst layer.
The ink was prepared by dispersing carbon black/functionalized carbon black and
10 wt.% Naﬁon based on the total weight of carbon black and Naﬁon ionomer into
20 vol.% isopropanol aqueous solution under ultrasonication. The decal used for
conductivity was prepared by spraying the freshly prepared ink onto a 5 mil PTFE
thin ﬁlm and being hot pressed under 135 ◦ C and 500 psi for 90 s. The hot-pressed
decal was stored in a plastic sample bag and was ready to be tested.
The conductivity of the decal was carried out using a four-electrode setup which
is shown in ﬁgure 5.1. The sample holder consists of two Pt wires, two Pt meshes and
a pair of PTFE substrates. The Pt wires in the middle of the substrate are used to
collect the voltage reading and two Pt meshes on the sides are used for current ﬂow.
The decal was cut into a strip with a dimension of approximately 2.2 cm long and
5mm wide. The width was measured by a ruler and the thickness was measured by
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subtracting the thickness of the substrate from the total thickness of the decal using
a thickness gauge. The sample was then sandwiched between the PTFE substrate
pair and tightened with four screws. The whole setup was then sealed into a fuel
cell test hardware and fed with N2 through the graphite ﬂow ﬁeld. The temperature
of the sample is measured by a thermal couple inside the hardware and was kept
◦

C constantly to simulate the real operational condition of a PEMFC. The relative

humidity (RH) is controlled by the temperature of the water bottle for the feeding gas
humidifying. A Solartron phase analyzer was then used to collect the electrochemical
impedance spectra so that the electronic and ionic conductivity could be ﬁtted.

Fig. 5.1.: Illustration and real picture of the conductivity measurement setup.

5.3.5

Membrane Electrode Assembly (MEA) Test

A 30 wt.% Pt loaded on XC72 support (Pt/XC72) and a 30 wt.% Pt loaded on NH2
functionalized XC72 support (Pt/NH2 -XC72) are used for MEA test. Catalyst inks
for Pt/XC72 and Pt/NH2 -XC72 with diﬀerent Naﬁon contents (20 wt.%, 25 wt.%,
28 wt.%, 30 wt.%, 35 wt.% and 40 wt.%) were sprayed on Naﬁon HP membrane to
compare the eﬀect of the amount of ionomer in the catalyst layer on the performance
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of Pt/XC72 and Pt/NH2 -XC72. A better performance could be observed if a thinner
ionomer ﬁlm over catalyst was formed.
The MEA was tested using the same protocol as previous sections.

5.4

Result and Discussion
The zeta potential values of Naﬁon ionomer, CB, NCB and SCB in water/alcohol

solution are shown in ﬁgure 5.2. The zeta potential values for Naﬁon ionomer and
SCB were measured to be -43.6 eV and -42.3 eV, respectively. Zeta potential is the
reﬂection of the surface charge. The negative zeta potential values of Naﬁon ionomer
and SCB indicate that they both carry negative surface charge and consequently,
they will repel each other. The zeta potential for CB was measured to be -1.28 eV.
Such a small value can be ignored, and the surface charge of CB can be regarded as
neutral. The zeta potential of NCB was measured to be +74.2 eV, which is positive.
The opposite charges on NCB and Naﬁon ionomer will make them attract each other
via electrostatic force in aqueous solvent system.
The XPS wide survey spectra of CB, NCB and SCB is shown in ﬁgure 5.3. In
ﬁgure 5.3, C1s and O1s peaks which correspond to the carbon and oxygen containing
groups on the surface of carbon blacks. In addition, S2s and S2p peaks can also be
observed in the spectrum of SCB. The appearance of these peaks indicates that SO3 H
functional groups are successfully grafted on the surface of carbon black. Meanwhile,
the N1s peak is also found in the spectrum of NCB, which also provides proof for
the successful grafting of NH2 functional groups on the surface of carbon black via
diazonium reaction.
Surface energy was used to characterize how the carbon black samples can disperse
in the aqueous solvent. The surface energies of diﬀerent carbon blacks are plotted
in ﬁgure 5.4. The surface energy of CB was measured to be 90.4 mJ/m2 , which
was the lowest among all samples. The low surface energy indicates that CB is the
most hydrophobic. On the contrary, the surface energies measured for NCB and
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Fig. 5.2.: Zeta potential of diﬀerent carbon blacks.

SCB were 98.8 mJ/m2 and 208.6 mJ/m2 , respectively, which indicates that NCB and
SCB are more hydrophilic. The higher hydrophilicity will result in a better carbon
black dispersion in the ink. It is suggested that higher hydrophilicity will result in
smaller carbon black aggregates in the solvent, and higher hydrophobicity will make
the carbon black form larger aggregates. An improved dispersion of the carbon black
is desired for a more uniform ink so that the MEA performance can be enhanced.
The ﬁtting of the USAXS data can be used to study the particle information of
diﬀerent carbon blacks in the solvent. The particle size distribution can be obtained
from the MaxEntropy [92] model derived from the USAXS data. To validate the
ﬁtting of the USAXS data, all three ink systems were examined using a cryo-TEM
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Fig. 5.3.: XPS wide survey spectra of CB, NCB and SCB.

so that a direct observation of the particles in the liquid phase can be obtained. The
interaction between Naﬁon ionomer and carbon black aggregates in the ink system
were systematically studied by comparing the size change of the carbon black aggregates before and after adding Naﬁon ionomer in the ink. Three sets of inks systems
were measured in this work: CB, SCB and NCB. The ink systems with 3 mg/ml CB,
SCB and NCB were ﬁrst measured under USAXS and cryo-TEM. Then, a 20 wt.%
Naﬁon ionomer was uniformly dispersed in these three ink systems and they were also
measured by USAXS and cryo-TEM. It is expected that electrostatic interactions exist in the ink between the charged groups (NH2 + and SO3 − ) on the surface of carbon
black and SO3 − groups on Naﬁon ionomer. Such an interaction can be concluded
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Fig. 5.4.: Surface energy of CB, NCB and SCB.

after comparing the carbon black aggregates size change in the ink via USAXS and
cryo-TEM.
The CB in 20 vol.% isopropanol solution was ﬁrst studied. The USAXS data
ﬁtting and the corresponding cryo-TEM images of CB ink system is shown in ﬁgure
5.4. Three diﬀerent slopes can be observed in the scattering data so that three ﬁtting
levels can be deﬁned based on the power law. Based on the uniﬁed function ﬁtting,
the result shows that the radius of gyration (Rg ) in the ﬁrst level is 1.02 nm with P
equals 3.64. Such a small Rg is possibly related to the error during the background
subtraction, data manipulation or the impurities in the ink, none of which is the
interest of this work. In the second ﬁtting level corresponding to P equals 3.08, the
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radius of gyration can be obtained to be 103 nm. The corresponding cryo-TEM (ﬁgure
5.5b) shows that in the medium q region, the diameter of the carbon black aggregate
is about 200 nm (in the red dashed circle), which agrees well with the USAXS ﬁtting.
In the third ﬁtting level with the fractal factor P= 2.25, the radius of gyration of the
carbon black particles can be ﬁtted to be inﬁnite, which is corresponding to the carbon
black agglomerates. These are large enough to be beyond the scope of the instrument.
The large agglomerate of carbon black can also be seen in the corresponding cryoTEM image (ﬁgure 5.5c).

Fig. 5.5.: (a) USAXS curve with the ﬁtting curve and the corresponding TEM
images of (b) carbon black aggregates and (c) large carbon black agglomerates in
CB ink system.

Some major changes in the fractal factor and aggregate size of carbon black aggregates in the ink system after the addition of Naﬁon ionomer into the ink system.
The USAXS curve for CB NF system can also be divided into 3 distinct ﬁtting levels
based on the power slopes in these regions. The ﬁrst ﬁtting level resides in the low q
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range (0.1 to 0.5 Å−1 ) which includes Porod region and Guinier region. The radius of
gyration of the ﬁrst level is ﬁtted to be 3.44 nm which is corresponding to the Naﬁon
ionomer in the ink system. Diﬀerences in carbon black aggregate size can be found
in the second ﬁtting level. In the medium q range, the radius of gyration of carbon
black aggregates increases from 103.0 nm to 130.5 nm due to the addition of Naﬁon
ionomer in the ink system. The zeta potential measurement shows that carbon black
particles are almost neutral in aqueous solvent so that the electrostatic interaction
between carbon black and Naﬁon ionomer can be ignored. A van der Waals force
between nanoparticles, on the other hand, becomes a major interaction between carbon black particles and Naﬁon ionomer in the ink system. The addition of Naﬁon
ionomer into the ink system introduces a van der Waals force between carbon black
aggregates and Naﬁon ionomer, which will help some carbon black particles to be absorbed on the Naﬁon ionomer surface so that the size of the carbon black aggregates
will increase. Similar results can also be found in the corresponding cryo-TEM image
(ﬁgure 5.6b). The aggregate size of carbon black also increases compared to the one
in CB in system. Similarly, the third level ﬁtting with inﬁnity radius of gyration is
also corresponding to the large carbon black agglomerate which is larger than the
upper limit of the range of the instrument. Figure 5.6c shows the large agglomerate of carbon black particles corresponding to the third ﬁtting level of USAXS. The
MaxEntropy modelling of the particle size distribution of the carbon black aggregate
in the second level is shown in ﬁgure 5.6d. It can be found that the particle size
distribution of carbon black aggregates shifts towards to the larger particle direction,
which agrees well with the USAXS ﬁtting result and cryo-TEM result.
USAXS combined cryo-TEM was also applied to the NCB and NCB NF ink systems to see if the functional groups on the surface of carbon blacks would aﬀect their
interaction with Naﬁon ionomer. Figures 5.7 shows the USAXS pattern and the corresponding cryo-TEM images of NCB in the isopropanol ink system. Similarly, a
three-level ﬁtting was applied for the USAXS analysis of NCB system. The 0.87 nm
radius of gyration of the ﬁrst ﬁtting level, which is too small, is also due to the impu-
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Fig. 5.6.: (a) USAXS curve with the ﬁtting curve, (d)particle size distribution of
carbon black aggregates and the corresponding TEM images of (b) carbon black
aggregates and (c) large carbon black agglomerates in CB NF ink system.

rity in the solvent or the background subtraction during the data reduction process.
The second ﬁtting level in the medium q range is also related to the scattering of the
NCB aggregates in the ink system. The radius of gyration of the NCB aggregates
in the NCB ink system is ﬁtted to be 76.8 nm, which is smaller than the size of
CB aggregates in CB ink system. The hydrophilic NH2 functional groups on NCB
aggregate surface will help NCB particles disperse better in aqueous solution so that
the aggregates will be broken down and become small. This is also conﬁrmed by the
surface energy measurement that the surface energy of NCB is higher than that of
CB. The corresponding cryo-TEM shows similar results which can be seen in ﬁgure
5.7b. The dimension of the NCB particle observed under cryo-TEM is similar to the
one from the USAXS ﬁtting. Again, the third level USAXS ﬁtting is also related to
the large agglomerates of NCB which is beyond the scope of USAXS.
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Fig. 5.7.: (a) USAXS curve with the ﬁtting curve and the corresponding TEM
images of (b) NCB aggregates and (c) large NCB agglomerates in NCB ink system.

To better understand the Naﬁon ionomer/NCB interaction, USAXS and cryoTEM characterizations were also carried out on NCB NF ink system with the same
approach. As can be seen in ﬁgure 5.8, a three-level ﬁtting can also be applied to
this ink system. The ﬁrst level with a radius of gyration of 3.95 nm also results from
the scattering of Naﬁon ionomers in the ink system similar to CB NF system. In
the second level, the radius of gyration can be extracted from the USAXS data to
be 121.6 nm, which can be conﬁrmed by cryo-TEM image for the NCB aggregates in
ﬁgure 5.7b. A 58.3 % increase in the radius of gyration of NCB can be found after
the addition of Naﬁon ionomer into the ink. According the zeta potential result in
ﬁgure 5.2, surface functionalization of NH2 functional groups will introduce positive
surface charge on the surface of carbon blacks, which will interact with negatively
charged Naﬁon ionomer via electrostatic force. The positively charged NCB particles
will be bonded by negatively charged Naﬁon ionomer strips so that the size of the
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NCB aggregates will increase after the addition of Naﬁon ionomer. The third level
USAXS ﬁtting of the NCB NF system also shows an inﬁnite radius of gyration related
to the large NCB agglomeration which can be seen in the cryo-TEM image (ﬁgure
5.8c). The result of the particle size distribution of NCB aggregates from MaxEntropy
approximation shows similar trend with the USAXS and cryo-TEM characterization.
The particle size distribution of NCB aggregates shifts to the direction of the larger
particle sizes after the NCB particles are bonded by Naﬁon ionomer strips.

Fig. 5.8.: (a) USAXS curve with the ﬁtting curve, (d)particle size distribution of
NCB aggregates and the corresponding TEM images of (b) NCB aggregates and (c)
large NCB agglomerates in NCB NF ink system.

To compare the eﬀect of the functional groups with diﬀerent charges, SCB and
SCB NF systems were also studied use USAXS and cryo-TEM with similar approach.
A three-level ﬁtting was also used to ﬁt the USAXS data for SCB system. The ﬁrst
ﬁtting level in the high q region with Rg equals 0.96 nm is corresponding to the
impurity in the solvent or the error introduced during the data reduction process.
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The second level ﬁtting in the medium q range is based on the scattering signal of
the SCB aggregates in the ink. The radius of gyration of the SCB aggregates in the
second level is 45.5 nm with the fractal factor of 3.83. The size of SCB aggregates
is smaller compared with CB and NCB aggregates in the corresponding ink systems.
Based on the surface energy characterization, SCB has the highest surface energy
which is due to the hydrophilic SO3 H groups on the surface of SCB. Such a property
helps SCB disperse better in aqueous solvent than CB and NCB, which makes its
aggregates size the smallest among all these three carbon blacks. This result can
also be conﬁrmed in the cryo-TEM image which is shown in ﬁgure 5.9b. The third
level ﬁtting with an inﬁnity radius of gyration comes from the scattering signal of the
SCB agglomerates which are larger than the scope of the USAXS instrument. The
cryo-TEM image of the SCB agglomerate is also shown in ﬁgure 5.9c, which conﬁrms
the USAXS ﬁtting result.

Fig. 5.9.: (a) USAXS curve with the ﬁtting curve and the corresponding TEM
images of (b) SCB aggregates and (c) large SCB agglomerates.
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Finally, the USAXS and cryo-TEM were used to determine the dimension of carbon black particles in the SCB NF ink system. After a three-level ﬁtting of the
USAXS, it can be found that the particles with the radius of gyration of 3.87 nm
which are Naﬁon ionomer strips contribute to the scattering in the ﬁrst level. In
contrast to the change of the particle size of the carbon black aggregates after the addition of Naﬁon ionomer in the other ink systems, the aggregates size of SCB doesnt
change much (from 45.5 nm to 44.8 nm). Based on the zeta potential of SCB, the
negative surface charge will repel Naﬁon ionomer strips which also carry negative
surface charge. Such repelling force will prevent the formation of large aggregates of
SCB so that the aggregate size is maintained. This is also conﬁrmed by the cryo-TEM
image in ﬁgure 5.10b. When comparing with the aggregate size in 5.9b, no signiﬁcant change can be observed. Similarly, the third level ﬁtting is also related to the
large SCB agglomerate in the ink which is also shown in the cryo-TEM image (ﬁgure
5.10c). The particle size distribution of the second level is also calculated based on
the MaxEntropy model. Similar distribution can be found for the SCB aggregate size
before and after the addition Naﬁon ionomer, which conﬁrms the results from both
USAXS ﬁtting and cryo-TEM characterizations.
To better understand the change of the size of CB, SCB and NCB aggregates in
their corresponding ink system after the addition of Naﬁon ionomer, the aggregate
diameters and their change are listed in table 5.2. In addition, the particle size
distribution from cryo-TEM is also plotted in ﬁgure 5.11. Being inﬂuenced by the
addition of the Naﬁon ionomer, the size change of the carbon black aggregates is
the major focus of this work. After taking the surface energy and zeta potential of
diﬀerent carbon blacks into consideration, the particle size change in table 5.2 and
ﬁgure 5.11 can be well explained.
A 26.7% diameter increase can be observed for carbon black aggregates in the ink
after the addition of Naﬁon ionomer which is due to the interaction between Naﬁon
ionomer and CB aggregates in the ink. The interaction between the electric neutral
CB aggregates and negatively charged Naﬁon ionomer is the van der Waals force.
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Fig. 5.10.: (a) USAXS curve with the ﬁtting curve, (d)particle size distribution of
SCB aggregates and the corresponding TEM images of (b) SCB aggregates and (c)
large SCB agglomerates in SCB NF ink system.

Such interaction will help Naﬁon ionomer strips attract carbon black aggregates in
the solvent to form larger CB aggregates. Besides CB, the size of NCB aggregates also
increases after the addition of Naﬁon ionomer into the ink system. Compared with
CB aggregates in the ink system, the size of NCB aggregates increase 58.3%, which is
more than the one of CB system (26.7%). The NH2 functional groups on the surface
of NCB will carry positive charges in aqueous solvent via association process with
the protons in water. After the addition of Naﬁon ionomer, the negatively charged
Naﬁon ionomer will attract positively charged NCB aggregates via electrostatic force.
Such interaction is stronger than the van der Waals force in the CB NF ink system,
which increases the size of NCB aggregates. In the meantime, the attraction between
Naﬁon ionomer and the catalyst will also provide a more uniform ionomer distribution.
With a higher and more uniform coverage of Naﬁon ionomer over catalyst support,

132
the amount of the Naﬁon ionomer in the catalyst layer can be decreased so that the
ionomer ﬁlm over catalyst particles will become thinner. With a thinner ionomer
ﬁlm, the oxygen diﬀusion resistance can be minimized, which will increase the MEA
performance greatly. Thus, such an interaction is desired. Instead of increasing, the
average diameter of the SCB aggregates is preserved after the addition of Naﬁon
ionomer. SO3 H functional groups will dissociate in the aqueous solvent, resulting in
negative charges. After the addition of Naﬁon ionomer into the ink system, a repelling
electrostatic force is expected between SO3 H grafted SCB and negatively charged
Naﬁon ionomer. Without an attracting force, SCB aggregates will not form larger
particles, so the aggregate size remains the same. Without direct contact between
Naﬁon ionomer and catalyst support, the proton is not able to reach the surface of
the catalyst. Thus, such interaction is not desired. However, since SO3 H functional
groups are also proton carriers, the surface functionalization of SO3 H itself can also
provide proton conductivity among carbon black particles. Such an eﬀect will also be
studied in the following section in this chapter. In addition, surface functionalization
also aﬀects the hydrophilicities of carbon blacks. NH2 and SO3 H functional groups
on the surface of carbon will increase the hydrophilicity of carbon blacks so that they
can disperse better in aqueous solvent. With a better dispersion, the catalyst layer
will be more uniform so that a better MEA performance can be obtained.
Same conclusions can also be drawn based on the cryo-TEM particle size distribution of the carbon black aggregates in diﬀerent ink systems (Figure 5.11). The
particle size distribution of all these systems follow Gaussian distribution. As can
be found in ﬁgure 5.11a and 5.11b, the histograms of the particle size distribution of
CB and NCB display a shift towards larger particle size direction, indicating that the
average particle size of CB and NCB aggregates increases after the addition of Naﬁon
ionomer. The size distribution of SCB aggregates remains constant after the addition
of Naﬁon ionomer, seen in ﬁgure 5.11c. Based on the discussion above, cryo-TEM
conﬁrms the ﬁtting results from the USAXS ﬁtting.
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Table 5.2.: Aggregate size of diﬀerent ink systems from the second level ﬁtting of
USAXS curves.

Sample

Aggregate diameter (nm)

CB

206.0

CB NF

261.0

NCB

153.6

NCB NF

243.2

SCB

91.0

SCB NF

89.6

Aggregate size change after adding Naﬁon

+26.7%

+58.3%

-1.5%

After the USAXS and cryo-TEM analysis, it has been conﬁrmed that the USAXS
combined cryo-TEM approach can be used to characterize aggregate systems such
as catalyst ink. It has been found that the surface functionalization will inﬂuence
the property of the ink via changing the dispersion of the carbon blacks and altering
the interaction between carbon blacks and Naﬁon ionomers. Both the van der Waals
force and the electrostatic force aﬀect the catalyst support/ionomer interaction. The
Naﬁon ionomer will uniformly cover the surface of NH2 functionalized carbon blacks,
increasing their size. The repelling electrostatic force between SO3 H functional groups
on the surface of SCB and the negatively charged Naﬁon ionomer will separate them
so that the contact between them will be lost. For the CB system, the size increase
of the carbon black aggregates after the addition of Naﬁon ionomer is due to the
van der Waals force which attracts electric neutral carbon black particles onto Naﬁon
ionomer strips to form larger aggregates. It is found that positively charged NH2
functional groups will enhance the interaction between the catalyst support and the
Naﬁon ionomer and also increase the hydrophilicity of carbon blacks so that the MEA
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Fig. 5.11.: Particle size distribution of (a) CB/CB NF, (b) NCB/NCB NF and (c)
SCB/SCB NF ink systems.

performance can be improved. The result of this work provides a direction for the
catalyst layer structure optimization via the design of the catalyst/ionomer interface.

5.4.1

A Novel Four-Electrode Method to Measure the Conductivity in
the MEA Catalyst Layers

It is well known that SO3 H is a good proton carrier that can help the proton
transportation in the catalyst layer. It is desired to measure the conductivity of the
catalyst layer with SO3 H functionalized carbon black as a catalyst support. However,
the proton conductivity of the Naﬁon membrane is much higher than that of SO3 H
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groups in SO3 H functionalized carbon black. A novel design to accurately measure
the conductivity of the catalyst layer while eliminating the inﬂuence of the Naﬁon
membrane is mandatory. We hereby designed a novel four-electrode setup to measure
the conductivity of the catalyst layer without any inﬂuence of the Naﬁon membrane.
The conductivity of diﬀerent types of carbon blacks with SO3 H functionalization
was measured to compare the eﬀect of Naﬁon on diﬀerent carbon blacks. To get
the conductivity of the SO3 H groups in the catalyst layer, the conductivity of the
decal containing SO3 H functionalized carbon black and 10 wt.% Naﬁon binder was
ﬁrst measured. The conductivity of the corresponding decal made of carbon black
with 10 wt.% was then subtracted from the conductivity of the decal with SO3 H
functionalized carbon black to get the conductivity from the SO3 H functional groups
in the catalyst layer.
The equivalent circuit and the equations to calculate the electronic/ionic conductivity is shown in ﬁgure 5.12. The system can be regarded as a parallel connection
of an electronic resistor and an ionic resistor, which was connected with a capacitor.
At low frequency, the circuit can be treated as a single electronic resistor. At high
frequency, the circuit can be treated as the parallel connection of the Re and Ri so
that the electronic resistance and ionic resistance can be calculated by the equation
below:

σ=

d
w·t·R

where σ is the conductivity, d is the distance between two central Pt electrodes,
w is the width of the decal strip, t is the thickness of the carbon black layer and R is
the resistance calculated from the equivalent circuit model.
The Nyquist plot of XC72 carbon black with 10 wt.% Naﬁon ionomer at diﬀerent
RH is shown in ﬁgure 5.13. Semicircles can be found for all measurements, which
can be used to ﬁt the ionic/electronic conductivity. The low-frequency response
and the high-frequency response in the semicircle are corresponding to the electronic
resistance and total resistance including ionic and electronic resistance, respectively.

136

Fig. 5.12.: Equivalent circuit of the conductivity measurement.

Based on the equivalent circuit model, the electronic and ionic conductivity of the
catalyst layers made of diﬀerent carbon blacks at diﬀerent RHs can be extracted from
the Nyquist plot.
The ﬁtting results of the electronic conductivity and ionic conductivity for the
catalyst layers made of XC72 carbon black and SO3 H-XC72 carbon black are shown
in ﬁgure 5.14. Shown in ﬁgure 5.14a and 5.14b, the electronic conductivity of both
catalyst layers decreases with the increasing relative humidity. The electronic conductivity of XC72 catalyst layer decreases from 3.37 S/cm to 3.22 S/cm at 30% RH
with a 4.4% decrease. Similarly, the electronic conductivity of the SO3 H-XC72 catalyst layer also decreases 8.8% (from 2.27 S/cm at 20% RH to 2.07 S/cm at 100%
RH). The decreasing of the electronic conductivity is caused by the increasing of the
water content in the catalyst layer. The water, which is an electronic insulator in
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Fig. 5.13.: Nyquist plot of XC72 carbon black at diﬀerent RH.

the catalyst, will block the path for the free ﬂow of the electrons, causing the drop
of the electronic conductivity. The ionic conductivity of both catalyst layers, on the
contrary, increases with the increasing relative humidity. The ionic conductivity of
the XC72 catalyst layer increases 11.1% (from 0.080 S/cm to 0.072 S/cm). Due to
the hydration of the Naﬁon ionomer in the catalyst layer, the ionic conductivity will
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increase. A 34.5% increase (from 0.087 S/cm to 0.117 S/cm) of the ionic conductivity
of SO3 H-XC72 catalyst layer can be obtained from the ionic conductivity ﬁtting results. The greater increase of the ionic conductivity of the SO3 H-XC72 catalyst layer
comes from the contribution of both 10 wt.% Naﬁon ionomer in the catalyst layer
and SO3 H functional groups on the surface of SO3 H-XC72 carbon black. The higher
ionic conductivity of the SO3 H-XC72 catalyst layer at all diﬀerent RH is also due to
the contribution from the SO3 H functional groups.

Fig. 5.14.: Electronic/ionic conductivity of the catalyst layers made of (a) XC72
carbon black with 10 wt.% Naﬁon ionomer and (b) SO3 H-XC72 carbon black with
10 wt.% Naﬁon ionomer.

The electronic and ionic conductivities of the EC300 carbon black and SO3 HEC300 carbon black are also measured using the same approach to see the eﬀect
of surface functionalization on diﬀerent types of carbon blacks. Similar trends can
be observed for EC300 carbon black. The electronic conductivities of EC300 and
SO3 H-EC300 catalyst layers both decrease with the increasing relative humidity. The
electronic conductivities of EC300 and SO3 H-EC300 decrease 2.2% (from 4.89 S/cm to
4.78 S.cm) and 5.1% (from 3.35 S/cm to 3.18 S/cm), respectively, when the relative
humidity increases from 30% to 100%. The ionic conductivities of both catalyst
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layers, on the other hand, increase when the relative humidity increases. The ionic
conductivities of EC300 and SO3 H-EC300 catalyst layers increases 15.6% (from 0.090
S/cm to 0.104 S/cm) and 15.3% (from 0.124 S/cm to 0.143 S/cm), respectively,
when the relative humidity increases from 30% to 100%. The ionic conductivity in
the EC300 catalyst is contributed by Naﬁon ionomer and the ionic conductivity in
the SO3 H-EC300 catalyst layer is contributed by both Naﬁon ionomer and SO3 H
functional groups on SO3 H-EC300 carbon black.

Fig. 5.15.: Electronic/ionic conductivity of the catalyst layers made of (a) EC300
carbon black with 10 wt.% Naﬁon ionomer and (b) SO3 H-EC300 carbon black with
10 wt.% Naﬁon ionomer.

The electronic/ionic conductivities of EC600 and SO3 H-EC600 catalyst layers are
also measured using this four-electrode system. Similar decrease of the electronic
conductivities and increase of the ionic conductivities of both catalyst layers can
be observed with the increasing relative humidity. The decrease of the electronic
conductivity for EC600 and SO3 H-EC600 catalyst layers is calculated to be 0.4%
(from 5.24 S/cm to 5.22 S/cm) and 7.6% (from 4.73 S/cm to 4.37 S/cm). The ionic
conductivity of EC300 and SO3 H-EC300 catalyst layers increases 14.9% (from 0.148
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S/cm to 0.170 S/cm) and 16.6% (from 0.163 S/cm to 0.190 S/cm), respectively, when
the relative humidity increases from 30% to 100%.

Fig. 5.16.: Electronic/ionic conductivity of the catalyst layers made of (a) EC300
carbon black with 10 wt.% Naﬁon ionomer and (b) SO3 H-EC300 carbon black with
10 wt.% Naﬁon ionomer.

To deconvolute the contribution SO3 H functional groups from the total ionic conductivity, the ionic conductivity of the corresponding carbon black catalyst with 10
wt.% Naﬁon ionomer which is measured at the same condition is subtracted from
the ionic conductivity of SO3 H functionalized carbon black with 10 wt.% Naﬁon
ionomer. The diﬀerence between the conductivities of carbon blacks and the corresponding SO3 H functionalized carbon blacks are plotted in ﬁgure 5.17 together with
the contribution of the ionic conductivity from SO3 H functional groups. It can be
clearly seen in ﬁgure 5.17a that the ionic conductivity of all catalyst layers made of
SO3 H functionalized carbon blacks are higher than that of the corresponding carbon
blacks. By subtracting the ionic conductivity of the carbon black catalyst layer from
the corresponding ionic conductivity of the functionalized carbon black catalyst layer,
the ionic conductivity contributed by the SO3 H functional groups can be obtained in
ﬁgure 5.17c. It can be seen that at the common MEA operation humidity (100%),
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SO3 H functional groups contribute more ionic conductivity to EC300 and EC600 carbon blacks. High surface area carbon blacks (EC300 and EC600) have higher speciﬁc
surface area than XC72 carbon black, which will provide more active site available for
SO3 H functional groups. With more SO3 H functional groups, the ionic conductivity
of EC300 and EC600 are higher than XC72 carbon black. The electronic conductivities of all carbon black catalyst layers decrease after SO3 H surface functionalization
which can be seen in ﬁgure 5.17b. Two major factors cause the dropping of the
electronic conductivities of these carbon blacks. The surface functionalization will
damage some of the sp2 hybridized carbon atoms on the surface of carbon blacks,
which are the major electron conductors in the carbon black systems. Losing the sp2
hybridized carbon will cause the decreases of the electronic conductivity of carbon
blacks. In addition, the water in the catalyst layer will also cause the decreasing of
the electronic conductivity. The grafting of SO3 H functional groups will increase the
hydrophilicity of carbon blacks, which will retain more water in the catalyst layer.
The water in the catalyst layer will block the electron ﬂow in the carbon black matrix so that the electronic conductivity of SO3 H functionalized carbon black will be
decreased.
The novel design of the four-electrode setup can be used to accurately measure the
ionic and electronic conductivity of the catalyst layer while decoupling the inﬂuence
of other factors. It has been found in this work that SO3 H surface functionalization can increase the conductivity of the catalyst support so that the conductivity
of the catalyst layer can be also increased. The eﬀect of SO3 H functional groups
on the conductivity of the catalyst layers diﬀers for diﬀerent carbon blacks. The
electronic conductivities of all SO3 H functionalized carbon black are lower than the
corresponding carbon blacks. The grafting of SO3 H functional groups will destroy
part of the sp2 hybridized carbon on the surface so that the electronic conductivity
of the carbon black will decrease. Since the SO3 H functionalized carbon blacks are
more hydrophilic, the increasing water content in the catalyst layer will also block the
path for the ﬂow of electrons, thereby lowering the electronic conductivity of SO3 H
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Fig. 5.17.: (a,b) Ionic and electronic conductivity of catalyst layers made of diﬀerent
carbon blacks/SO3 H functionalized carbon blacks; (c) Contribution to the ionic
conductivity from the SO3 H functional groups for diﬀerent carbon blacks.

functionalized carbon blacks. The ionic conductivities of high surface area carbon
blacks (EC300 and EC600) increase more than low surface area carbon black (XC72).
High surface area carbon black can accommodate more SO3 H functional groups on
the surface so that the ionic conductivity can be further increased.
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5.4.2

The Eﬀect of the Ionomer/catalyst Interface on the MEA Performance

As proven by USAXS and cryo-TEM studies, Naﬁon ionomer is found to be uniform on NH2 -XC72 carbon black. Such a good ionomer/catalyst interface is expected to improve the fuel cell performance. To evaluate the eﬀect of the better
catalyst/ionomer interface on the overall fuel cell performance, the MEA test is carried out for catalyst layers made of Pt/XC72 catalyst and Pt/NH2 -XC72 catalysts
All Pt/XC72 and Pt/NH2 -XC72 catalysts with diﬀerent Naﬁon ionomer content
in the inks are sprayed on Naﬁon HP membrane as cathode. The loading of Pt on the
cathode is 0.1 mgPt/cm2 . Catalyst ink with Pt/XC72 catalyst and 28 wt.% Naﬁon
ionomer are sprayed on the opposite side of the Naﬁon membrane as anode. The
loading for the anode is 0.1 mgPt/cm2 for all MEAs. The dimension of both cathode
and anode is 5 cm2 for each MEA. Based on the previous study, our hypothesis is that
the better catalyst/ionomer interface will reduce the oxygen diﬀusion resistance, thus
the high current density performance of an MEA will be improved. All MEAs were
evaluated under H2 /O2 and H2 /air condition with 10 psig backpressure or ambient
pressure. The operation temperature was 80 oC and the relative humidity for both
electrodes was set to 100%. Polarization curves were collected under O2 or air by a
fuel cell test station. The mass activity was read from the polarization curve at 0.9 V
under H2 /O2 condition with 10 psig backpressure. In addition, the CV curve of each
MEA was collected under H2 /N2 condition with 10 psig backpressure.
The VIR curves of the MEAs using Pt/XC72 catalyst with diﬀerent Naﬁon ionomer
content as cathode and Pt/XC72 catalyst with 28 wt.% Naﬁon ionomer as anode under H2 /O2 condition are plotted in ﬁgure 5.18. As can be seen in ﬁgure 5.18a and
5.18b, the MEA with 28 wt.% Naﬁon ionomer in the cathode for Pt/XC72 catalyst
has the best performance among all Pt/XC72 MEAs in both the low current density
region and the high current density region, which agrees well with other reported
works [79]. The performance at low current density is mainly controlled by the kinet-
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ics, which is related to the activity of the catalyst and the utilization of Pt (coverage
of Naﬁon ionomer). The performance in the medium current density region, which
is also called ohmic region, is controlled by both kinetics and mass transport. The
MEA performance at the high current density region is mostly controlled by the mass
transport. The MEAs with 28 wt.% Naﬁon ionomer and 35 wt.% Naﬁon ionomer
display similar performance at low current density, which indicates that they have
similar Naﬁon coverage over Pt nanoparticles. On the contrary, since there is not
enough Naﬁon ionomer to cover all the Pt nanoparticles in the catalyst layer, the
performance of the MEA with 20 wt.% Naﬁon ionomer is lower than other MEAs.
With a lower Naﬁon ionomer coverage over Pt nanoparticles, the Pt utilization in
the ORR process is lower. Due to the lower ionomer coverage, the performance of
the MEA with 20 wt.% Naﬁon ionomer at medium and high current density regions
is the worst among all MEAs. The performance of the MEA with 28 wt.% Naﬁon
ionomer is better than that of the MEA with 35 wt.% Naﬁon ionomer in the ohmic
and high current density regions due to the thinner ionomer ﬁlm. Since mass transport is becoming a bottle neck for the MEA performance at higher current density
regions, thinner ionomer ﬁlm will decrease the oxygen diﬀusion resistance so that the
MEA performance will be better.
The VIR polarization curves of the Pt/XC72 MEAs with diﬀerent Naﬁon ionomer
content in the cathode catalyst layers under H2 /air conditions are also measured and
plotted in ﬁgure 5.19. Similar trends can be observed for the MEA performance
under H2 /air condition. The MEAs with 28 wt.% and 35 wt.% Naﬁon ionomer in
the cathode catalyst layers still have better performances than the one with 20 wt.%
Naﬁon ionomer due to the increased Naﬁon ionomer coverage. The Pt utilization
determined by the coverage of the Naﬁon ﬁlm dominates the MEA performance in
kinetics region. 20 wt.% Naﬁon ionomer is not enough to cover the catalyst as much
as 28 wt.% and 35 wt.% Naﬁon, so the performance of MEA with 20 wt.% Naﬁon
ionomer in the cathode catalyst layer is worse. At the medium and high current
density region, the performance of the MEA with 35 wt.% Naﬁon ionomer in the
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Fig. 5.18.: VIR polarization curves of Pt/XC72 using H2 /O2 as feeding gas tested
under (a) 10 psig and (b) ambient back pressure.

cathode catalyst layer is even worse. Since the oxygen is only 21% in air, the mass
transport issue is more signiﬁcant for a thicker Naﬁon ionomer layer.

Fig. 5.19.: VIR polarization curves of Pt/XC72 using H2 /air as feeding gas tested
under (a) 10 psig and (b) ambient back pressure.

As discussed above the thickness of the ionomer ﬁlm over the catalyst will be
reduced. This is caused by the positively charged NH2 functional groups on the
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surface of the catalyst support which attract negatively charged Naﬁon ionomer.
With a better coverage and thinner ionomer ﬁlm, the MEA performance can be
improved signiﬁcantly by using the Pt/NH2 -XC72 catalyst compared to the Pt/XC72
catalyst. The VIR polarization curves of the MEAs using the Pt/NH2 -XC72 catalyst
with diﬀerent Naﬁon ionomer content as cathode and the Pt/XC72 catalyst with 28
wt.% Naﬁon ionomer as anode are also measured under the same condition as the
MEA series of the Pt/XC72 catalysts. The VIR polarization curves of these MEAs
using H2 /O2 as feeding gas under 10 psig and ambient backpressure are collected and
plotted in ﬁgure 5.20. As can be seen in ﬁgure 5.20a and 5.20b, the MEA with 15
wt.% Naﬁon ionomer in the cathode catalyst layer has the lowest performance in the
low current density region, which is caused by the lower ionomer coverage over the
catalyst particles. The MEA with 25 wt.% and 28 wt.% Naﬁon ionomer have the best
performance among all MEAs in all current density regions. With the help of the
NH2 functional groups, the thickness of the ionomer ﬁlm over Pt/NH2 -XC72 catalyst
will become thinner and the coverage will be improved, so the performance is better.

Fig. 5.20.: VIR polarization curves of Pt/NH2 -XC72 using H2 /O2 as feeding gas
tested under (a) 10 psig and (b) ambient back pressure.
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The corresponding H2 /air VIR polarization curves of these MEAs under 10 psig
back pressure are also plotted in ﬁgure 5.21 for comparison. Due to the insuﬃcient
oxygen content in the air, the oxygen diﬀusion becomes more critical in the operation
of a PEMFC. It can be seen in ﬁgure 5.21 that the MEA with 20 wt.% Naﬁon
ionomer has the best high current density performance. Compared to the result of
the O2 condition test, faster diﬀusion of oxygen is required to compensate for the
lower amount of oxygen. For the Pt/NH2 -XC72 catalyst, since the coverage of the
Naﬁon ionomer membrane over the catalyst is better, the thickness of the ionomer
ﬁlm can be further decreased while keeping a high proton conductivity. Thus, the
MEA with 20 wt.% Naﬁon ionomer has the best H2 /air performance.
To better understand the inﬂuence of the catalyst/ionomer on the MEA performance, the cell voltages of the MEAs with Pt/XC72 containing 28 wt.% Naﬁon
ionomer and Pt/NH2 -XC72 containing 25 wt.% Naﬁon ionomer at diﬀerent current
densities are listed in table 5.3.
It can be seen in table 5.3 that the cell voltages of the MEA with Pt/NH2 -XC72
as cathode catalyst are all higher than those of Pt/XC72 catalyst. The better performance for Pt/NH2 -XC72 catalyst at the lower current density is attributed to the
smaller Pt particles, better Pt nanoparticle particle distribution and the better Naﬁon
ionomer coverage, which is the result of the uniform surface functionalization of NH2
functional groups. The better MEA performance at the higher current density region
is the result of the better catalyst/ionomer interface. The more uniform ionomer
layer over the catalyst will help to increase the proton conductivity and the thinner
ionomer ﬁlm will reduce the oxygen diﬀusion resistance in the ionomer ﬁlm. With a
smaller oxygen diﬀusion resistance, the oxygen will reach the surface of the catalyst
easier so that the high current density performance can be improved.
To further compare the performance change of both catalysts with the increasing
amount of Naﬁon ionomer in the catalyst, the mass activity at 0.9 V, current densities
and cell potentials as functionals of the amount of Naﬁon ionomer in the cathode
catalyst layers are plotted in ﬁgure 5.22. As can be seen in ﬁgure 5.22a, the mass
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Fig. 5.21.: VIR polarization curves of Pt/NH2 -XC72 using H2 /O2 as feeding gas
tested under 10 psig back pressure.

activity of Pt/NH2 -XC72 is much higher than that of Pt/XC72, which is mostly due
to the less agglomeration and smaller size of Pt nanoparticles on NH2 -XC72 catalyst
support. The highest mass activity of Pt/NH2 -XC72 appears at 25 wt.% Naﬁon
ionomer content which is lower compared to the one of Pt/XC72 catalyst (28 wt.%
Naﬁon ionomer content). With a better Naﬁon ionomer distribution over NH2 -XC72
catalyst support, the amount of Naﬁon ionomer in the catalyst is less than the one in
the Pt/XC72 catalyst layer, while keeping higher ionomer coverage. Thus, the Naﬁon
ionomer required for Pt/NH2 -XC72 catalyst to reach its maximum mass activity is
less than that of Pt/XC72 catalyst. Similar trends can be seen in ﬁgure 5.22b to 5.22e.
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Fig. 5.22.: (a) Mass activity as a function of Naﬁon content for Pt/XC72 and
Pt/NH2 -XC72 in MEA test and current density/potential as functions of Naﬁon
content for (b,c) Pt/XC72 and (d,e) Pt/NH2 -XC72 in MEA test.
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Table 5.3.: MEA performance of Pt/XC72 and Pt/NH2 -XC72 under O2 , 10 psig
testing condition.
Power Density (W/cm2 )

Voltage (V)

Current densityA/cm2

Increase (mV)
Pt/XC72

Pt/NH2 -XC72

1

0.671

0.722

1.5

0.624

2
2.5

Increase (W/cm2 )

Pt/XC72

Pt/NH2 -XC72

51

0.671

0.722

0.051

0.670

46

0.936

1.005

0.069

0.582

0.619

37

1.164

1.238

0.074

0.544

0.568

24

1.360

1.420

0.062

The cell voltage of the MEAs with Pt/XC72 as cathode catalyst increase when the
amount of Naﬁon ionomer increases from 20 wt.% to 28 wt.% due to the increasing
Naﬁon ionomer coverage. Due to the nonuniform chemistry on the surface of XC72
carbon black, the coverage of Naﬁon ionomer will not be improved regardless of the
fact that more Naﬁon ionomer is added into the catalyst layer. With the increasing
amount of Naﬁon ionomer in the catalyst layer, the thicker ionomer ﬁlm will impede
the diﬀusion of oxygen molecules from reaching the catalyst, so the mass activity will
be decreased, which is signiﬁcant for the higher current density and low cell voltage
performances.
Based on the MEA measured above, it is conﬁrmed that a better catalyst/ionomer
interface can help to improve the MEA performance, especially for high current density performance, by decreasing the thickness of the ionomer ﬁlm so that the oxygen
diﬀusion resistance can be greatly reduced.

5.5

Conclusion
Surface functionalization via diazonium reaction has been used to build a better

catalyst/ionomer interface. The catalyst/ionomer interface is formed in the catalyst
ink where the catalyst and Naﬁon ionomer are dispersed in the solvent. By introducing the functional groups with diﬀerent charges on the surface of catalyst supports,
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the electrostatic force between Naﬁon ionomer and functional groups on the surface
of catalyst support will interact with each other. USAXS and cryo-TEM proved that
positive charged NH2 -XC72 carbon black will be attracted by Naﬁon ionomer to form
larger aggregates in the ink compared to the one without Naﬁon ionomer. This interaction will help Naﬁon ionomer to distribute more uniformly on the surface of the
catalyst support. Compared with NH2 -XC72 carbon back, XC72 carbon black without surface functionalization does not show signiﬁcant size change after the addition
of Naﬁon ionomer in the ink, which indicates that there is no interaction between
XC72 carbon black and Naﬁon ionomer in the ink. The same charge on the surface
of SO3 H-XC72 and Naﬁon ionomer makes them repel each other so that the particle
size of SO3 H-XC72 will not be inﬂuenced by the addition of Naﬁon ionomer.
To decouple the proton conductivity of the Naﬁon ionomer from the whole MEA, a
new four-electrode conductivity test setup has been developed and applied to measure
the electronic conductivity and proton conductivity of the catalyst layers made of different carbon blacks and their corresponding SO3 H functionalized carbon blacks. The
testing results show that the electronic conductivity of all catalysts increases when
the RH increases from 30% to 100%. The electronic conductivities will be decreased
due to the inﬂuence of the water content in the catalyst layer, which blocks the ﬂow
of free electrons. The proton conductivity of all catalyst layers made of diﬀerent
carbon blacks and functionalized carbon blacks increases with the increasing relative
humidity due to the hydration of the Naﬁon ionomer. The surface functionalization
of SO3 H on all carbon blacks improves the proton conductivity of the catalyst layer
because SO3 H is a proton carrier. By subtracting the proton conductivity of the catalyst layer with 10 wt.% Naﬁon ionomer from the corresponding SO3 H functionalized
carbon black catalyst layer with 10 wt.% Naﬁon ionomer, the proton conductivity
contributed by SO3 H functional groups can be decoupled. It is found that the surface
functionalization on higher surface area carbon blacks (EC300 and EC600) provides
more proton conductivities. With more surface area, the amount of SO3 H functional
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groups can be increased to provide more proton conductivity in the catalyst layer of
an MEA.
To verify the inﬂuence of the design of catalyst/ionomer interface on the performance, MEA performance of catalyst layers using Pt/NH2 -XC72 catalyst with different Naﬁon ionomer content as cathode are compared with the ones with Pt/XC72
catalyst with diﬀerent Naﬁon ionomer content as cathode. The MEA using Pt/NH2 XC72 as cathode catalyst has the best performance when the Naﬁon ionomer content
in the catalyst layer is 25 wt.%. However, the amount of Naﬁon ionomer for Pt/XC72
catalyst to reach its highest MEA performance is 28 wt.%. Since the distribution of
Naﬁon ionomer is more uniform on NH2 -XC72 catalyst support, less Naﬁon is required
for a high coverage of Naﬁon ionomer on catalyst support comparted to Pt/XC72 catalyst. With a better ionomer coverage, the mass activity of Pt/NH2 -XC72 with 25
wt.% Naﬁon ionomer is the highest among all MEAs. In addition, the smaller amount
and more uniform distribution of Naﬁon ionomer on NH2 -XC72 catalyst will make
the ionomer layer thinner. The thinner ionomer ﬁlm will make it easier for oxygen
to diﬀuse through and reach the surface of the catalyst. The lower oxygen diﬀusion
resistance will help to improve the MEA performance, especially for high current
density performance.
Based on all the characterization above, the novel design of catalyst/ionomer
interface improves the MEA performance for PEMFCs.
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6. STUDY OF CATALYST SUPPORTS FOR OER IN A
PEM WATER ELECTROLYZER
6.1

Abstract
Proton exchange membrane water electrolyzer (PEMWE) is an eﬀect conversion

device for hydrogen production. The high potential of the oxygen evolution reaction (OER) requires highly stabile catalyst support, thus carbon black-based catalyst
supports are no longer applicable in PEMWEs. Metal oxides are candidates for the
catalyst supports for OER process. However, most metal oxides are insulators than
can be used as catalyst supports. As catalyst supports, the metal oxides need to
have both high electronic conductivity and high corrosion resistance. RuO2 coated
on NH2 functionalized silica nanoparticles (RSO) are studied as the catalyst supports
for OER in acid environment in this work due to its high electronic conductivity and
resistance to corrosion in acid. The RDE results show that the functionalization of
SiO2 increases the durability of the catalyst signiﬁcantly.

6.2

Introduction
Hydrogen gas (H2 ) is one of the cleanest energy sources since water is the only

product generated after the using of hydrogen in energy conversion devices, such as
fuel cells. Currently, hydrogen is normally produced by the reaction between steam
and carbon monoxide (CO) at 700-1100 ◦ C [93, 94]. However, further puriﬁcation of
the product is required since there are many impurities within the generated H2 . In
addition, the eﬃciency of the traditional H2 production is too low, which needs to
be improved. With the development of PEMFCs, it is more and more important to
develop a high-eﬃciency and low-cost method for the H2 generation.
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Grubb [95, 96] from General Electric Company developed the ﬁrst concept of
proton exchange membrane water electrolysis (PEMWE) in 1960s. The working
principle of PEMWE is shown in ﬁgure 6.1. After certain voltage is applied between
two electrodes, the water in the cell will be split into hydrogen and oxygen from two
diﬀerent electrodes. The device of PEMWE, which is the reverse process of PEMFC is
similar to most PEMFCs. Due to its high current density and high eﬃciency, PEMWE
has been considered for the candidate for next generation water electrolysis.

Fig. 6.1.: Schematic of a PEMWE process. [97]

PEMWE device provides an acidic environment for all its components, thus the
corrosion resistance for the catalyst and the catalyst support are important. In addition, due to the higher operation potential compared to PEMFC, the anode catalyst
support needs to be stable over a wide range of potential in the acidic environment. In
the early years, support-free catalysts were used as anode catalyst for PEMWE. Yoshinaga et al. [98] coated IrO2 directly on a titanium plate as the anode for PEMWE.
Although there were no corrosion issues without catalyst support, the cost was too
high due to the low catalyst utilization. There are also other works [99,100] trying to
reduce the cost of catalyst for PEMWE via replacing the IrO2 catalyst by IrO2 /RuO2
composite. RuO2 is much cheaper than IrO2 and has a higher oxygen evolution reaction (OER) activity. However, RuO2 will be oxidized to RuO4 in gaseous phase at
high voltage in an acidic environment, which makes it unsuitable to be used for the
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OER catalysis alone. However, the introduction of IrO2 can stabilize the RuO2 so
that the catalyst stability can be improved. Catalyst supports were then introduced
to reduce the cost and increase the utilization of the catalyst for OER in recent works.
Tin oxide has been mixed with IrO2 as catalyst for OER catalyst [101,102]. However,
the low conductivity of tin oxide impedes its application as a catalyst support. Seitz
et al. [103] reported the application of a Sr doped IrO2 as the catalyst support for
the OER catalyst. Although they improved the stability of the catalyst support, the
cost of IrO2 is also a factor that aﬀects the total cost of the catalyst. Based on the
previous works, it is important to ﬁnd a novel catalyst support that has low cost and
high corrosion resistance at high voltage for OER catalyst in PEMWE devices.
Metal oxides seem to be good candidates for OER catalyst support due to their
high resistance to acid corrosion. However, to be used as the catalyst support, the
metal oxide needs to be electronic conductive and low-cost. RuO2 is considered
because of its high electronic conductivity and reasonable cost. In the ﬁeld of PEMFC
research, Vijays group developed RuO2 /SiO2 and RuO2 /TiO2 support, which show
superior stability upon electrochemical cycling [104–106]. Based on his work, we use
RuO2 coated SiO2 as OER catalyst support in PEMWE. Based on the RDE test, IrO2
loaded RuO2 -SiO2 catalyst shows lower overpotential than IrO2 /C catalyst. However,
the RDE AST test shows that IrO2 /RuO2 -SiO2 catalyst is corroded seriously due to
the decomposition of the RuO2 coated on the surface of SiO2 . To improve the stability
of the catalyst support, NH2 functional groups are grafted on the SiO2 to stabilize
the RuO2 and AST test shows that the catalyst stability is improved. In addition,
the uniform surface functionalization will also help to guide the deposition of RuO2
and make it more uniform on SiO2 .

6.3

Experimental

6.3.1

Materials

The materials for the experiment are used as received and shown in table 6.1.
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Table 6.1.: Materials.

Chemical Name

Purity

Provider

Tetraethyl orthosilicate (TEOS)

98 wt.%

Sigma Aldrich

DI water

18MΩ

Milipore

Ammonium hydroxide

28-30 wt.%

Fisher Scientiﬁc

1-propanol alcohol (NPA)

99.9 wt.%

Fisher Scientiﬁc

2-propanol alcohol (NPA)

99.9 wt.%

Fisher Scientiﬁc

Ruthenium chloride (RuCl3 ·xH2 O)

Ru 38 wt.%

Alfa Aesar

Ethylene glycol

99.8 wt.%

Acros Organics

Dihydrogen hexachloroiridate hydrate (H2 IrCl6 ·xH2 O)

Ir 38-42 wt.%

Alfa Aesar

Sulfurid acid (H2 SO4 )

95.0-98.0 wt.%

Fisher Scientiﬁc

P-phenylenediamine

97.0+ wt.%

Acros Organics

Sodium nitrite(NaNO2 )

97.0+ wt.%

Sigma Aldrich

6.3.2

Synthesis of SiO2 Nanoparticle

The functionalization of SiO2 is similar to that of carbon blacks using diazonium
reaction [107, 108]. 100 mg SiO2 nanoparticles were dispersed into 100 ml DI water under 1-hour ultrasonication. Then, 27.9 mg phenylenediamine was added into
the above dispersion followed by the addition of 13.9 µl concentrated H2 SO4 . The
dispersion was sonicated for an additional hour. After the reactants were dispersed
uniformly, the round bottom ﬂask was then transferred to a 65 ◦ C oil bath and 17.6
ml NaNO2 aqueous solution (1 mg/ml) was added into the above dispersion dropwise under constant stirring. After the overnight reaction, the color of the dispersion
turned yellow. The NH2 -SiO2 was collected by DI water washing and ﬁltration.
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6.3.3

Synthesis of RuO2 -coated SiO2 (RuO2 -SiO2 ) and RuO2 -coated NH2 SiO2 (RuO2 -NH2 -SiO2 ) Catalyst Supports

12.5 mmol synthesized SiO2 or NH-SiO2 nanoparticles were dispersed in DI water
to form a uniform dispersion under ultrasonication. 6.25 mmol RuCl3 (in the form
of 10 mgRu/ml aqueous solution) was then added into the above dispersion under
constant stirring until a uniform dispersion is formed. 0.05 M KOH aqueous solution
was then added into the dispersion until the PH reached 7. The product was then
washed and collected by ﬁltration. The collected solid was then transferred into
an oven to be dried at 120 ◦ C for 8 hours. Finally, the sample was calcined in a
gravitational oven at 450 ◦ C for 3 hours before the RuO2 -SiO2 or RuO2 -NH2 -SiO2
sample could be collected.

6.3.4

Synthesis of Ir Loaded RuO2 -SiO2 and RuO2 -NH2 -SiO2 OER Catalysts

Iridium was deposited on the catalyst support via the reduction of H2 IrCl6 in
EG aqueous solution. Similar to Pt catalysts, 70 mg RuO2 -SiO2 or RuO2 -NH2 SiO2 catalyst support was dispersed into a 60 vol.% EG aqueous solution under
ultrasonication for 30 minutes. The dispersion was then transferred to an oil bath at
140 ◦ C and reﬂuxed for 6 hours. After the mixture was cooled to room temperature,
the Ir loaded catalyst sample was collected by the washing and ﬁltration followed by
the oven dry.

6.3.5

Characterization

BET was used to measure the surface areas of the catalyst supports and Ir loaded
catalysts. TEM was used to characterize the morphology of the catalyst support and
the distribution of RuO2 on SiO2 and NH2 -SiO2 .
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RDE was used to test the electrochemical performance of the catalyst supports
and Ir loaded catalysts. 3.4 mg catalyst/support and 17 µl 5 wt.% Naﬁon dispersion
were dispersed in 2 ml 20 vol.% IPA aqueous solution to form a uniform ink. 10 µl
ink was then dropped on the surface of the glassy carbon in RDE while the RDE
was rotating at 500 rpm. The ink on RDE was dried under an infrared bulb. The
RDE test was carried out in 0.05 M H2 SO4 electrolyte. To from IrO2 , the Ir loaded
catalyst on RDE had to be activated by a triangle potential sweep between 0.05 V
and 1.50 V at the rate of 500 mV/s in a N2 saturated H2 SO4 electrolyte. CV of the
catalyst/support was then collected by triangle potential sweep between 0.05 V and
1.50 V at the scan rate of 50 mV/s. After the CV scan, the polarization curve of the
OER process was also collected by the triangle potential sweep between 1.0 V and
1.8 V at the scan rate of 5 mV/s in N2 saturated 0.05 M H2 SO4 electrolyte. AST was
carried to evaluate the stability of the Ir loaded catalysts and catalyst supports upon
cycling. The catalyst after polarization curve test was then cycled between 1.00 V
and 1.80 V at the scan rate of 500 mV/s for 1000 cycles. The CV and corresponding
polarization curves were also collected to compare with the initial ones to determine
the stability of the sample measured.

6.3.6

Result and Discussion

The X-ray diﬀraction patterns of NH2 -SiO2 and NH2 -RuO2 -SiO2 are shown in
ﬁgure 6.2. As can be seen in ﬁgure 6.2, the as-synthesized NH2 -SiO2 shows an amorphous feature without sharp characteristic peaks. After the coating of RuO2 , the
sharp diﬀraction peaks in the pattern which belong to RuO2 indicates the successful
deposition of RuO2 on the surface of NH2 -SiO2 .
The BET surface areas of the catalyst supports and Ir loaded catalysts are shown
in table 6.2. High surface area is desired for a high performance OER catalyst. The
active sites for Ir nanoparticles to deposit on are limited by the low surface area of
the common metal oxide supports so that the aggregation of the Ir nanoparticles
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Fig. 6.2.: XRD patterns of NH2 -SiO2 and RuO2 coated NH2 -SiO2 .

will be more signiﬁcant. It can be seen from table 6.2 that the BET surface area of
the RuO2 -NH2 -SiO2 is 206.57 m2 /g, which is 51.4% higher than that of RuO2 -SiO2 .
As previously mentioned, the surface functionalization will help to make the surface
chemistry more uniform. Without any modiﬁcation, RuO2 will be deposited on the
surface of SiO2 randomly with large amounts of agglomerations, so the surface area
will be lower. After the surface functionalization of NH2 functional groups, RuO2 will
be guided by the functional groups on the surface of SiO2 to form a uniform layer so
that the surface area can be increased greatly.
TEM images of RuO2 -SiO2 and RuO2 -NH2 -SiO2 catalyst supports are shown in
ﬁgure 6.3. Based on the diﬀerent contrast between heavy element (Ru) and light
element (Si), RuO2 and SiO2 can be distinguished from the TEM images. As can be
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Table 6.2.: Surface area of diﬀerent catalysts and catalyst supports by BET.

Sample

Surface area (m2 /g)

RuO2 -SiO2

136.44

Ir/RuO2 -SiO2

72.46

RuO2 -NH2 -SiO2

206.57

Ir/RuO2 -NH2 -SiO2

144.24

seen in ﬁgure 6.3a, RuO2 only covers part of the SiO2 surface with large aggregates
while leaving the other portion of the SiO2 surface uncovered. However, it can be
seen in ﬁgure 6.3b that RuO2 is uniformly coated on the surface of NH2 -SiO2 which
is attributed to the NH2 functional groups on the surface of SiO2 nanoparticles. The
TEM analysis results agree with the surface area analysis well. With a more uniform
RuO2 distribution on SiO2 , the surface of the catalyst support will be increased, which
will help to minimize the aggregation of the Ir nanoparticles loaded on its surface. In
addition, the uniform distribution of RuO2 on the surface of NH2 -SiO2 will also help
to increase the conductivity of SiO2 so that the electrochemical performance will be
increased.
RDE is used to characterize the electrochemical performance of the catalyst supports and the corresponding Ir-loaded OER catalysts. The CV scans are shown in
ﬁgure 6.4a. The peak between 0.6 V and 0.8 V is the reversible redox peak of RuO2 .
It can be seen that the capacitance of RuO2 decreases signiﬁcantly even after one
CV scan. However, the CV curve of RuO2 -NH2 -SiO2 catalyst doesnt change after
AST 1000 cycles of. Other than that, the redox peaks of the RuO2 -NH2 -SiO2 are
also smaller than those of the RuO2 -SiO2 catalyst support. The higher stability of
the RuO2 -NH2 -SiO2 is attributed to the NH2 functional groups, which help to protect the RuO2 from being oxidized to RuO4 , which is in gaseous phase. The smaller
capacitance of RuO2 -NH2 -SiO2 is due to the surface coverage of the NH2 functional
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Fig. 6.3.: TEM images of (a) RuO2 -SiO2 and (b) RuO2 -NH2 -SiO2 .

groups. The surface functional groups will limit the activity of the RuO2 so that the
redox peaks become small. The polarization curves of the catalyst supports are also
measured by RDE and shown in ﬁgure 6.4b. The overpotential at 5 mA/cm2 current
density is used to characterize the activity of the OER catalyst support which is
shown in table 6.3. Similar trends can be found in the activity of the catalyst supports compared with the CV results. The RuO2 -SiO2 catalyst support has smaller
overpotential than the RuO2 -NH2 -SiO2 catalyst support. However, the overpotential
of the RuO2 -SiO2 catalyst support increases 17% (from 350 mV to 410 mV) just after
one CV scan. The loss of the activity is largely due to the instability of RuO2 at high
overpotential.
Similar trends can also be found in the Ir-loaded OER catalysts. Signiﬁcant change
of the CV curve of the Ir-loaded RuO2 -SiO2 catalyst after one CV scan compared with
the original one can be observed in ﬁgure 6.5a, which is due to the corrosion of the
RuO2 coated on SiO2 particles. For Ir loaded RuO2 -NH2 -SiO2 catalyst, the CV curve
almost overlaps with the original one. The NH2 functional groups on the surface
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Fig. 6.4.: (a) CV scans and (b) polarization curves of diﬀerent catalyst supports.

Table 6.3.: Activities of the catalyst supports in the stability test.
Sample

Overpotential@5mA/cm2 (mV)

RuO2 -SiO2 1st scan

350

RuO2 -SiO2 2nd scan

410

RuO2 -NH2 -SiO2 1st scan

470

RuO2 -NH2 -SiO2 after 1000 AST cycles

490

of SiO2 contribute to the higher corrosion resistance. The OER polarization curves
of these two catalysts are plotted in ﬁgure 6.5b. In addition, the corresponding
overpotentials for at 5 mA/cm2 current density are also listed in table 6.5. The
overpotential of Ir-loaded RuO2 -SiO2 catalyst at 5 mA/cm2 current density increases
16.7% (from 360 mV to 420 mV) after one CV scan, however the corresponding
overpotential for the Ir-loaded RuO2 -NH2 -SiO2 catalyst only increases 4.5% after 1000
AST cycles. Such an improvement indicates that the functionalization will improve
the durability of the RuO2 -SiO2 based catalyst support.

163

Fig. 6.5.: (a) CV scans and (b) polarization curves of diﬀerent OER catalysts.

Table 6.4.: Activities of the catalyst supports in the stability test.
Sample

Overpotential@5mA/cm2 (mV)

Ir/RuO2 -SiO2 1st scan

360

Ir/RuO2 -SiO2 2nd scan

420

st

6.4

Ir/RuO2 -NH2 -SiO2 1 scan

420

Ir/RuO2 -NH2 -SiO2 after 1000 AST cycles

460

Conclusion
The coating of RuO2 on the surface of SiO2 will increase both conductivity and

activity of the SiO2 catalyst support. It has been found that surface functionalization
of NH2 functional groups can help to guide to distribution of RuO2 on SiO2 to reach
a better coverage. The AST durability tests of both catalyst support and Ir loaded
catalyst show that NH2 functional groups on the surface of SiO2 can help to stabilize
the RuO2 so that the catalyst stability can be improved.
Although the activity of the Ir-loaded NH2 -RuO2 -SiO2 catalyst is lower than the
one without surface functionalization, its stability is much higher. It is shown in this
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work that RuO2 coated NH2 functionalized SiO2 catalyst support has a potential to
be used for OER catalyst support.
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7. FUTURE WORK
7.1

Future Work on LIB Projects
The detailed mechanism of the FeOF cathode failure under long term cycling is

still under debate. In-situ X-ray absorption spectroscopy is needed to characterize
the local environment change of the FeOF and FeOF/G after long time cycling to
study the failure mechanism. In addition, since FeOF becomes amorphous after
cycling, XRD is not applicable for the characterization of its structural evolution.
To better understand the structural evolution of the FeOF cathode materials in realtime, in-situ TEM is proposed to be performed on FeOF and FeOF/G materials to
see the structural evolution upon cycling. We also found that the graphene modiﬁed
conversion cathode materials have a potential for fast charging in our recent work.
In-situ TEM and XAS is suggested to characterize their local environment and local
structure evolution to better understand why graphene modiﬁed FeOF can be charged
at a high rate.

7.2

Future Work on PEMFC Projects
Ketjen blacks are also catalyst supports with high surface areas, which are com-

parable to graphene nanosheets. However, the highly amorphous natures aﬀect their
durability as catalyst supports. In addition, due to their hydrophobicity, Ketjen
blacks are diﬃcult to be dispersed in water-based solvent to form a uniform ink system. To solve this problem, we propose applying surface functionalization to better
increase the hydrophilicity of the Ketjen blacks. With higher surface area, a higher
Pt loading on the catalyst support can be obtained. A thinner catalyst layer with a
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higher Pt loading catalyst is desired so that the oxygen diﬀusion in the catalyst layer
can be minimized.
It has been found that functional groups with positive charges on the surface of
catalyst support can improve the catalyst/ionomer interface. In addition to NH2
functional groups, other positive functional groups also need to be studied.
According to DOE target, low Pt loading MEA is required. To achieve higher
MEA performance with lower catalyst loading, functionalized carbon black is considered as a potential candidate. With a better catalyst/ionomer interface and higher
ionomer coverage over catalyst, the MEA performance can be improved. In addition
to the surface functionalization, Pt/Ni alloy catalyst is another path to the high catalyst activity. However, the stability of the alloy catalyst has always been an issue.
It is suggested that the functional groups on the surface of carbon black can stabilize
the alloy catalyst from leaching out.
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